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Abstract
Six years of Radon-222 (radon), carbon dioxide (CO2), and methane (CH4) observations at Macquarie
Island were used to investigate the strength and seasonality of air mass transport from Australia and New
Zealand into the mid-Southern Ocean, which remains poorly characterised. The unique physical
characteristics of radon allow it to be used to identify both air masses characteristic of hemispheric mean
‘baseline’ conditions, as well as air masses modified by recent terrestrial influence. A strong seasonality
in the number and duration of recently terrestrially influenced air masses was observed, characterised by
a December-February minimum (with an average of 16 events with a mean length of 8.37 hours) and a
June-September maximum (with an average of 35 events with a mean length of 15.97 hours). The
terrestrial fetch regions for these events changed from north of Tasmania in summer and around Sydney
in winter. Once long-term accumulation trends were characterised and removed, a pronounced
seasonality was observed in ‘baseline’ CO2 and CH4 concentrations, characterised by a February-March
minimum and September maximum. Relative to baseline concentrations, a relatively consistent
seasonality was observed in the deviations of CO2 (amplitude ~4 ppm) and CH4 (amplitude ~20 ppb) in
terrestrial events that was broadly out of phase with the baseline seasonality of these trace gases. This
seasonality in terrestrial transport characteristics into the mid-Southern Ocean was found to be through a
combination of two main influences: i) seasonally changing fetch regions, and ii) seasonally changing
emission strengths from these fetch regions derived using the radon calibrated flux technique (CO2: -2.5
x106 ± 2.3 x106 kg CO2 km-2 y-1 to 3.6 x106 ± 2.5 x106 kg CO2 km-2 y-1; CH4: 2.1 x103 ± 5.4 x103 kg
CH4 km-2 y-1 to 9.4 x103 ± 4.5 x103 kg CH4 km-2 y-1). Significant and unexpected CH4 depletion events
were identified as part of this study, for which a chlorine (Cl) sink mechanism is proposed but will require
further research.
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ABSTRACT
Six years of Radon-222 (radon), carbon dioxide (CO2), and methane (CH4) observations at
Macquarie Island were used to investigate the strength and seasonality of air mass transport
from Australia and New Zealand into the mid-Southern Ocean, which remains poorly
characterised. The unique physical characteristics of radon allow it to be used to identify both
air masses characteristic of hemispheric mean ‘baseline’ conditions, as well as air masses
modified by recent terrestrial influence. A strong seasonality in the number and duration of
recently terrestrially influenced air masses was observed, characterised by a DecemberFebruary minimum (with an average of 16 events with a mean length of 8.37 hours) and a
June-September maximum (with an average of 35 events with a mean length of 15.97 hours).
The terrestrial fetch regions for these events changed from north of Tasmania in summer and
around Sydney in winter. Once long-term accumulation trends were characterised and
removed, a pronounced seasonality was observed in ‘baseline’ CO2 and CH4 concentrations,
characterised by a February-March minimum and September maximum. Relative to baseline
concentrations, a relatively consistent seasonality was observed in the deviations of CO 2
(amplitude ~4 ppm) and CH4 (amplitude ~20 ppb) in terrestrial events that was broadly out of
phase with the baseline seasonality of these trace gases. This seasonality in terrestrial
transport characteristics into the mid-Southern Ocean was found to be through a combination
of two main influences: i) seasonally changing fetch regions, and ii) seasonally changing
emission strengths from these fetch regions derived using the radon calibrated flux technique
(CO2: -2.5 x106 ± 2.3 x106 kg CO2 km-2 y-1 to 3.6 x106 ± 2.5 x106 kg CO2 km-2 y-1; CH4: 2.1
x103 ± 5.4 x103 kg CH4 km-2 y-1 to 9.4 x103 ± 4.5 x103 kg CH4 km-2 y-1). Significant and
unexpected CH4 depletion events were identified as part of this study, for which a chlorine
(Cl) sink mechanism is proposed but will require further research.
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1. INTRODUCTION
Since the 1750’s anthropogenic emissions of greenhouse gases have modified the
atmospheric composition of radiatively important gases and aerosols (Hartmann et al., 2013,
Cubasch et al., 2013). Two regions of particular importance are the Southern Ocean and
Antarctica, as they play crucial roles in both global atmospheric and oceanic circulation
systems (Rhein et al., 2013, Chambers et al., 2018, Hong et al., 2020). Despite their
importance in the climate system, the Southern Ocean and Antarctic regions are some of the
least studied areas of the globe, and lack regular sampling (Monteiro et al., 2020). This is due
to Antarctica’s relative inaccessibility, during winter months especially, as conditions are
extreme (Monteiro et al., 2020). Extremes are due to temperature, remote isolation and strong
westerly winds in the Southern Ocean surrounding Antarctica (Hong et al., 2020).
Changes to natural systems, which influence greenhouse gas emissions, is a global issue
receiving increasing attention due to its significant effects on regional and global
environments. Anthropogenic greenhouse gas emissions are a key driving force in global
climate change and, due to this, have been a primary motivation for atmospheric monitoring
over the past few decades (Hartmann et al., 2013, Zahorowski et al., 2004a). The most
studied consequence is an increase in global surface temperature, which is expected to exceed
a 2-4.8°C rise by the end of the 21st century (Hartmann et al., 2013). The abundance of
greenhouse gases has increased by 20% since the industrial revolution and is predicted to
continue to rise (Hartmann et al., 2013). Carbon dioxide (CO2) and methane (CH4), which are
the main focus of this study, are the two most important gases driving climate change. In
order to monitor and manage these gases, it is important to understand their sources, sinks
and feedback mechanisms (Stavert et al., 2019). This is essential as increases in greenhouse
gases will result in globally increasing average surface temperature, sea levels (Takahashi et
al., 2009) and ocean acidity (Trimborn et al., 2014) as well as tropical cell widening (Staten
et al., 2020). It is also predicted that there will be an increase in the intensity, frequency and
severity of extreme weather events including droughts and hurricanes/cyclones (Hartmann et
al., 2013, Collins et al., 2013). The cumulative concentrations of greenhouse gases, will
persist for hundreds to thousands of years even if humans immediately halted greenhouse gas
emissions (Collins et al., 2013, Charbit et al., 2008). The ability to predict the impact of
increasing concentrations of atmospheric pollution relies directly on the ability of models to
accurately represent key global and regional processes (Zahorowski et al., 2004b).
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Antarctica is warming faster than the global average, especially in the peninsula region. The
Antarctic peninsula, over the past several decades, has experienced rapid environmental
changes, including increased melting of ice sheets (Hong et al., 2020, Collins et al., 2013),
leading to global sea level rise (Charbit et al., 2008). Therefore, the interest of improving
methods to model pollution transport pathways to the Antarctic is increasing, along with
interest in the pollutants themselves (Chambers et al., 2018). There is a need to address the
impact of greenhouse gas emissions to minimise or avoid future damage to the Antarctic
region. Pollution into the Antarctic environment can have various far-reaching and damaging
effects on the Earth’s systems. For example, Antarctic Bottom Water, formed by subsidence
of cold salty water at the edge of the Antarctic continent in polynyas, drives the oceanic
thermohaline circulation system. The thermohaline system dictates the ocean’s overall
circulation, temperature regulation and many additional roles (Rhein et al., 2013). With the
increases in surface temperature, this system may be significantly reduced, leading to an
enhanced positive feedback of warming (Gillett et al., 2011). Antarctic Bottom Water has
been warming since the 1980s, which will decrease production of Antarctic Bottom Water
(Rhein et al., 2013). In some cases, changes become irreversible, where it is difficult or
impossible to reverse a system to its previous state (Cubasch et al., 2013). It is feared that
these changes to Antarctic circulation may prove to be irreversible and could cause
irreparable damage to Earth’s functioning heat redistribution systems (Gillett et al., 2011).
The 2013 IPCC report states that it is likely the breakdown of Antarctic circulation systems
will not occur in the 21st century due to the current persistence of the ice sheets and deep
ocean mixing (Rhein et al., 2013), so the 21st century will be pivotal for the survival of this
system.
Antarctica is a highly suitable location to investigate a primitive version of Earth’s
atmosphere (Hong et al., 2020) and global scale changes (long-term trends) in greenhouse gas
concentrations (Stavert et al., 2019), due to its still relatively pristine atmosphere. The
Southern Ocean/Antarctic atmosphere is considered pristine as it is remote from significant
emissions from industry, high population and the terrestrial biosphere (Stavert et al., 2019,
Chambers et al., 2014). In fact, Antarctic air is the least anthropogenically influenced
globally (Chambers et al., 2014), providing an opportunity to explore approximations of
preindustrial conditions. The region’s meteorological extremes, which vary seasonally,
provide a unique opportunity to study a broad range of surface and atmospheric chemical
processes (Chambers et al., 2018). This study utilises these conditions to contrast occasional
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pollution events with concentrations of oceanic clean air. Air from over the Southern Ocean
is commonly used to establish hemispheric ‘baseline’ concentrations for a multitude of
atmospheric species (Zahorowski et al., 2013).
In general, the Antarctic/Southern Ocean region is not strongly represented in the literature
(Zahorowski et al., 2013). The most studied regions are focused around the Antarctic
peninsula, with some additional sites in the Indian Ocean (Heimburger et al., 2012, Polian et
al., 1986). Pollution events experienced at these monitoring stations predominantly originate
from South America and South Africa. The region of the Southern Ocean below Australia has
fewer stations, and includes Cape Grim, which is located on the north-west point of
Tasmania, Baring Head, located near New Zealand’s capital Wellington on the North Island,
Macquarie Island located in the Southern Ocean south east of Australia and a few others.
Relative to other parts of the Southern Ocean, the region south of Australia has received less
attention historically, leaving blanks in the atmospheric records of Southern Ocean/Antarctic
pollution (Zahorowski et al., 2013).
This study investigates a region that is not frequently reported on and therefore, does not have
large-scale inventory studies available to assess pollution of the Southern Ocean region. The
frequency and strength of pollution events entering the Southern Ocean below the Australian
continent is investigated, giving valuable insights into the atmospheric pollution transported
into one of Earth’s most valuable and pristine natural systems (sections 6, 7 and 8). This will
be accomplished using radon as a proxy to analyse observed CO2 and CH4 concentrations
accompanying ‘radonic storm’ events. Radon and its use as a proxy will be discussed below,
in conjunction with CO2 and CH4 concentration data, where all data were collected at
Macquarie Island (section 2). Macquarie Island is arguably in one of the best locations for
Southern Ocean studies (section 3). In addition, back trajectories will be utilised to track the
origin of pollution events (section 9). Finally, CO2 and CH4 fluxes from the Australian
continent will be back-estimated using the radon tracer method (sections 7 and 8). From these
analyses, an approximation of the pollution entering the Southern Ocean from the Australian
continent and New Zealand will be determined.
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2. ATMOSPHERIC TRACE GASES
2.1.

Radon-222

Radon-222 (hereafter referred to as radon) is a radioactive noble gas in the decay chain of
primordial Uranium-238. It is formed by the alpha decay of its immediate parent Radium-226
(radium), which is ubiquitous in soils and rocks (Balkanski and Jacob, 1990, Levin et al.,
1999, Wada et al., 2012, van der Laan et al., Chambers et al., 2014, Chambers et al., 2018,
Uchida et al., 1997, Wada et al., 2013). Radium concentrations vary in differing soil types,
exposed rocks and sediments with radon emanating at slightly different rates (Levin et al.,
1999, Wada et al., 2012). These rates are dependent on the parent material, chemical
properties of the surrounding environment and numerous other factors. For example, higher
soil moisture generally leads to an increased rate of exhalation for finer grained soils, until
soil is saturated (Levin et al., 1999); lower radon concentrations are correspondent to
saturated soil which decreases available pore space (Uchida et al., 1997). In general, and
especially relative to other trace gas species, radon exhalation varies gradually from location
to location, and for many purposes emissions from ice-free land can be considered
approximately constant in time and space (Levin et al., 1999, Wada et al., 2012, Uchida et al.,
1997, Wada et al., 2013). Radon diffuses into the atmosphere after emanation from the soil,
where it is in then diluted through mixing and can be transported over long distances (Levin
et al., 1999) before decaying with a 3.8 day half-life.
At inland sites, near the surface, high atmospheric radon concentrations are often present at
night, due to minimal turbulent mixing in the presence of low wind speeds and strong thermal
stability combined with the continuous emission of radon from the soil (Gaudry et al., 1990).
These night time ‘inversion’ conditions are followed by strong daytime mixing through the
full depth of the planetary boundary layer (PBL), especially during the summer, leading to a
characteristic diurnal cycle in radon concentrations (Levin et al., 1999, Chambers et al.,
2014). Mixing ratios of trace gases such as CO2 and CH4 in the PBL, generally show a large
variability due to strong spatio-temporal changes in their individual source functions, with
large diurnal and synoptic changes in atmospheric mixing (Levin et al., 2011).
Radon emissions from the open ocean are typically 2-3 orders of magnitude smaller than
those from land (Wada et al., 2012, Wada et al., 2013, Chambers et al., 2014, Chambers et
al., 2018, Zahorowski et al., 2013). The global average of oceanic radon emissions, driven by
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suspended sediments, is 0.0382 mBq m-2 s-1 (in comparison to 23.4 mBq m-2 s-1 from
terrestrial regions in Australia (see section 4.5.1)) (Schery and Huang, 2004, Griffiths et al.,
2010). Spatial variability is driven by wind speeds and radium concentrations, therefore, due
to the increased wind speeds in the Southern Ocean region, there are comparatively high
radon emissions (Schery and Huang, 2004).

2.1.1. Radon as an indicator of atmospheric transport
Atmospheric radon observations at remote island sites are a convenient and unambiguous
indicator of recent terrestrial influence on air masses. Since most anthropogenic gas and
aerosol pollutants are also of terrestrial origin, radon observations can be used as a proxy for
the pollution of air masses entering remote regions (Chambers et al., 2018, Williams and
Chambers, 2016). Radon is ideal as a terrestrial tracer for numerous reasons, primarily
because of the aforementioned difference between oceanic and terrestrial emissions, and
because it’s source function from unfrozen terrestrial surfaces is relatively well constrained
(Chambers et al., 2014, Zahorowski et al., 2013). Furthermore, as radon is weakly soluble in
water and does not attach to aerosols; it is not effectively removed from the atmosphere by
dry or wet atmospheric depositional processes (Zahorowski et al., 2004b). Finally, radon’s
radioactive half-life (t0.5 = 3.82 days) is such that it decays fully within 2-3 weeks after
emission and does not accumulate in the atmosphere on greater timescales than synoptic
(Turekian et al., 1977). This makes radon ideal as a proxy for detecting terrestriallyoriginating air parcels roughly 1-2 weeks old, and air can be easily traced back to a terrestrial
source. Beyond three weeks, radon concentrations appear close to the detection limit.
Radon concentrations in the Southern Ocean that are around 30-50 mBq m-3 are
representative of air masses with radon concentrations that are in long-term equilibrium
(Zahorowski et al., 2013). Consequently, significantly larger radon values measured at
remote island sites in the Southern Ocean, such as Macquarie Island (the focus of this study),
are generally an indication of air masses that have transported radon, together with other trace
gases and pollutants, to the measurement site from distant land masses rapidly and with
minimal dilution. In the case of Macquarie Island, such events (sometimes referred to as
‘radonic storms’) generally originate from Australia or New Zealand and may be carried to
the site via direct transport in the PBL by synoptic weather systems, or possibly following
deep convection over the continent and subsequent subsidence over the ocean (Balkanski and
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Jacob, 1990). At Southern Ocean sites, oceanic radon concentrations are generally situated
around 30-50 mBq m-3, whereas terrestrial concentrations can start as low as 150-200 mBq
m-3 (during long-distance events) but can easily exceed 1000 mBq m -3 during larger events
(Chambers et al., 2018) (see section 6).
In recent decades, improvements in radon instruments have enabled detection down to
concentrations of 5-40 mBq m-3 (Chambers et al., 2018). Specifically for the Southern
Ocean’s meteorological conditions, this is excellent for tracing continental sources of
pollutants from Australia, New Zealand, South Africa and even in some scenarios South
America, into the Southern Ocean region below Australia. Exceeding 2 to 3 weeks,
depending on the initial concentration of radon entering the Southern Ocean, and given that
there are no continued or additional influences, radon concentrations appear closer to oceanic
background levels. Radon tracing is therefore ideal for trace gases and other anthropogenic
pollutants originating from land, and is ideal for focusing on distant terrestrial pollution
(Wada et al., 2012, Chambers et al., 2014, van der Laan et al.).

2.2.

Carbon Dioxide

Greenhouse gases such as CO2 are primarily responsible for global warming (Hartmann et al.,
2013, Stavert et al., 2019, Takahashi et al., 2009). CO2 sources and sinks are controlled both
through anthropogenic means, mainly fossil fuel combustion, and natural means, mainly
through biosphere respiration and photosynthesis (Levin, 1987). Naturally released CO2 is
generally well equilibrated. Large events, such as fires, releasing significant quantities of CO2
are normally offset through subsequent re-growth of photosynthetic biota (Paton-Walsh et al.,
2014, Russell-Smith et al., 2007). Further, carbon is stored through natural long-term sinks
and deposited into the Earth’s crust. Nowadays, significant CO2 emissions generated from
burning coal, gas and oil, have greatly out-weighed the ability of the environment to regulate
increasing concentrations (Levin et al., 2011). Anthropogenic sources of CO2 have increased
significantly since the industrial revolution, and expansive deforestation has challenged the
capacity of natural systems to regulate this increase (Cubasch et al., 2013). Consequently, the
global atmosphere has seen a large net increase of CO2. It is essential to control emissions in
order to decrease the overall impact on global warming from increasing CO2 emissions.
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Atmospheric CO2 concentrations vary according to the direction of net carbon exchanges
between the atmosphere, soil and vegetation, and water bodies, all of which are regulated
through biotic and anthropogenic influences (Gaudry et al., 1990).

2.2.1. Natural terrestrial surfaces (plants and soils)
Ecosystem carbon gain and loss is controlled by temperature, moisture and solar radiation as
these factors influence whether photosynthesis or respiration dominates in the terrestrial
biosphere (Hartmann et al., 2013, Uchida et al., 1997). Photosynthesis and respiration are the
most prominent processes controlling CO2; for some regions, even outweighing the influence
of anthropogenic emissions (Monteiro et al., 2020, Watson and Naveira Garabato, 2006).
The atmosphere is one of the largest reservoirs of CO2 as CO2 is not only released as a gas
from respiration, but gaseous organic compounds are oxidised to form CO2 as an end product.
CO2 is a long-term storage of carbon in the atmosphere due to its long atmospheric lifetime
(between 5-200 years) (Folland et al., 2001). Most organic compounds are first oxidised to
form carbon monoxide (CO), before CO2. CO is produced from incomplete combustion and
partial oxidation of other organic species, and very quickly oxidises to form CO2 (within 2-10
months) (Brasseur, 2017a, Tans et al., 1990). The lifetime of CO is sufficiently long to allow
transport on intercontinental scales, increasing CO2 fetch regions. The southern hemispheric
background of CO2 is largely contributed to by the global source from the oxidation of CH4
(Hartmann et al., 2013), in comparison to the northern hemisphere which is dominated by
anthropogenic emissions. Soils are both reservoirs and emitters of CO2, as decaying organic
material is converted into CO2 during respiration once consumed by organisms (Uchida et al.,
1997). Wetlands have varying impacts on CO2. During very dry conditions, instead of
emitting CH4, wetlands will emit CO2 (Fortuniak et al., 2021). As photosynthetic plants are
crucial for CO2 uptake, increases in deforestation can be viewed as another source (Enting
and Mansbridge, 1991, Tans et al., 1990). Natural deforestation occurs most commonly
through large forest fires throughout the world and both directly releases CO2 to the
atmosphere, and removes the vegetation that uptakes CO2 (Ciais et al., 2013). Anthropogenic
deforestation is not ‘balanced’, as land that is cleared is commonly left devoid of plants or is
populated with sparse cropland, leading to an overall increase in CO2 (Ciais et al., 2013).
The main sink of CO2 is photosynthesis. Because photosynthesis requires sunlight to proceed
it is limited to daytime hours, and so has large diurnal cycles. CO2 increases during the night
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due to continued respiration and emissions from the soil and a lack of photosynthesis (Gaudry
et al., 1990). There are many sources in the literature that show vegetation as the main sink of
CO2 (Enting and Mansbridge, 1991). Although this photosynthetic influence decreases with
distance from the ground, and subsequently photosynthetic biota (Levin, 1987), most air
parcels that move over land will, at some point, likely traverse vegetation, where CO2 is
consumed. Wetlands will also consume CO2 during conditions of increased moisture as
biological activity is high (Fortuniak et al., 2021). As mentioned above, deforestation can be
viewed as a source, however, natural deforestation methods are generally well balanced, as
CO2 uptake begins as plants re-establish themselves. This is seen more prominently through
bush/forest fires, where there is an increased amount of free nutrients and land for plants to
re-establish after the fire (Paton-Walsh et al., 2014, Russell-Smith et al., 2007).
Greenhouse gases are expected to have a profound impact on global warming as most
increases lead to positive feedback mechanisms. Climate change directly affects carbon
storage of CO2 in all reservoirs (Uchida et al., 1997). Global warming is predicted to increase
photosynthesis from vegetation through regrowth or fertilization from increases in CO2,
meaning that, as CO2 increases, it is eventually limited by the increase in plant life (Enting
and Mansbridge, 1991). However, warming also reduces soil and oceanic carbon storage
(Uchida et al., 1997). There is a strong correlation between CO2 fluxes and soil temperature,
reaching a maximum in the summer (Gaudry et al., 1990). Because of this, there is potential
for strong positive feedback mechanisms for CO2 production (Cubasch et al., 2013).

2.2.2. Water bodies
Bodies of water largely store CO2 and are a major long-term sink for carbon, however, can be
a source in some regions. Sources are mostly due to deep-water upwelling of CO2 rich
sediments which outgas (Stavert et al., 2019, Ai et al., 2020). Upwelling is also controlled to
a degree by the carbonate buffer system, which is decreased in regions of high temperature.
Approximately 40% of the global oceanic uptake of anthropogenic CO2 is estimated to occur
south of 40° S (Munro et al., 2015). Of this, the majority of the CO2 entering this region is
deposited though various sink mechanisms and is stored in the Southern Ocean (Stavert et al.,
2019), where there has been a reported strengthening uptake since 2007 (Munro et al., 2015).
Despite this, the seasonality, long term trend and interannual variability of CO2 flux is still
relatively poorly understood (Stavert et al., 2019).
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Increases in biological productivity or decreases in water volume exchange between the
oceanic surface and depth can cause CO2 depletion at the surface of the Southern Ocean
(Watson and Naveira Garabato, 2006). Although the Antarctic is almost entirely devoid of
vegetation, the Southern Ocean has an abundance of cyanobacteria and phytoplankton, which
uptake CO2 rapidly (Trimborn et al., 2014). The Southern Ocean is crucial in the carbon
cycle, as it is estimated to account for 40-50% of the total anthropogenic CO2 uptake.
Phytoplankton greatly influence regional and global climate change, with some coastal zones
having near sea-air equilibrium (Monteiro et al., 2020). These coastal areas are highly
productive and mainly include regions around the Antarctic Peninsula (Monteiro et al., 2020).
Other regions, such as the subantarctic front also have highly active CO2 sink zones (Stavert
et al., 2019), through seasonal blooms of phytoplankton. It is important to note however, that
generally terrestrial sinks are far stronger overall than oceanic sinks (Gillett et al., 2011). For
these productive Antarctic regions, the sinks are generally only very active during summer
months where temperature increases and biological activity peaks (Stavert et al., 2019).
When sea ice increases, there is an increase in water body stratification, which reduces
upwelling. During these conditions biologically fixed carbon is partitioned towards the deep
ocean, which lowers the overall atmospheric CO2 (Watson and Naveira Garabato, 2006, Ai et
al., 2020). This stratification depends on the heat balance and turbulence in the upper several
meters of the ocean (Takahashi et al., 2009), so during winter in the Southern Ocean when
the wind speeds are the greatest, there is increased CO2 oceanic surface exchange (Munro et
al., 2015). This, in combination with decreased water temperatures, where more CO2 is
dissolved, results in a decrease in overall atmospheric CO2 regionally.
CO2 equilibrium with bodies of water exposed to the atmosphere is both a sink and source.
CO2 is absorbed by oceanic water, where it reacts in equilibrium to form carbonic acid, and
further bicarbonate and carbonate ions (see equation 1).
CO2 + H2O ⇌ H2CO3 ⇌ H+ + HCO3- ⇌ H+ + CO32-

(1)

The carbonate buffer system varies with global and regional conditions, as it is temperature
dependent (Takahashi et al., 2009). Cold water is able to dissolve and hold more CO2 than
warm water, so it can be expected that the extremes of both dissolution and emittance will be
in polar and tropical waters respectively (Trimborn et al., 2014). Wind speed also greatly
influences CO2 sea-air equilibrium (Monteiro et al., 2020), as the exchange of air with water
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is greatly increased with increases in wind speed. Long-term sinks are not constrained in this
study as they occur on longer than synoptic timescales.
Continued global warming is increasing ocean temperatures and is strengthening Southern
Ocean winds (consistent with an increasing trend in the Southern Annular Mode (SAM)
(Rhein et al., 2013). From this, warm water will absorb less CO2, equilibrating more CO2 to
the atmosphere, so, there is potential for strong positive feedback mechanisms (Cubasch et
al., 2013). This is problematic as the ocean’s capacity for CO2 uptake is dependent on both
circulation dynamics and biological processes (Tans et al., 1990).

2.3.

Methane

CH4, although significantly less concentrated than CO2, and as a result often measured in ppb
rather than ppm, is an important greenhouse gas that influences global mean temperature
through direct and indirect radiative forcing (Hodson et al., 2011). Directly, CH4 is roughly
25 times more absorbent to solar radiation than CO2, making regulations surrounding the
emissions of the gas of high importance to reduce global warming (Hartmann et al., 2013).
CH4, in atmospheric chemistry, produces both ozone and water vapour, which indirectly adds
to climate forcing (Dlugokencky et al., 2011). Reductions in the emissions of CH4 would
have an immediate benefit for climate, as it is close to steady state in some regions, despite an
atmospheric life-time of 9-10 years (Dlugokencky et al., 2011). Maximum CH4 emissions are
greatly dependent on the hemisphere of interest and local influences. In the southern
hemisphere maxima are common in winter (August). Local influences, especially
anthropogenic, have varying effects, however most commonly emit large quantities of
greenhouse gases. For example, in Europe it has been reported that CH4 emissions are
significantly higher in the winter months due to increased anthropogenic emissions for
household heating, despite temperatures for natural production being unfavourable (Thom et
al., 1993).

2.3.1. Natural terrestrial surfaces (plants and soils)
CH4 is produced most commonly by the final step in the fermentation of organic material
(methanogenesis) (Knittel and Boetius, 2009). Commonly, 10-20% of organic material buried
in soils and sediments is fermented to CH4 through methanogenesis (Knittel and Boetius,
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2009). Methanogenesis requires anoxic conditions, which are preferentially found in still,
waterlogged environments with large amounts of free organic material, so is very common in
wetlands/peatlands (Chen et al., 2008). The temperature must also be between 20-50°C and
pH relatively neutral. During methanogenesis, organic material is converted into acetates and
then proceeds via equation 2:
Methanogenesis:

CH3COO- + H2O → CH4 + HCO3- (2)

CH4 is emitted to the atmosphere by natural processes from wetlands, oceans, wildfires,
termites and clathrates (Dlugokencky et al., 2011, Knittel and Boetius, 2009). CH4 from
wetlands contribute roughly 24.8% to the global CH4 budget (Chen et al., 2008). Wetlands
are the largest natural emitters globally and can contribute between 50 to 70% of emission
variations (Hodson et al., 2011, Dlugokencky et al., 2011). Variations in CH4 fluxes are
dependent on temperature, precipitation and water table depth (Dlugokencky et al., 2011,
Hodson et al., 2011). Seasonal wetland fluxes can also include dependencies in variations of
substrates, and plant/methanogen biomass (Chen et al., 2008). Maximums in CH4 production
are found beneath the average standing water level (Fortuniak et al., 2021) and increases in
sediment temperature will increase production (Chen et al., 2008). High altitude wetlands
greatly contribute during the summer months as frozen soils, once thawed, have waterlogged
anoxic conditions (Chen et al., 2008).
Over Australia, CH4 emissions are mainly limited by the availability of water, as
temperatures are commonly high. El-Niño Southern Oscillation (ENSO), influences
precipitation over Australia (section 3.2.2), therefore also has an effect on wetland emissions,
where El Niño decreases emissions and La Niña increases emissions (Hodson et al., 2011). In
Australia, the dry conditions that El Niño brings are unfavourable for CH4 emissions,
whereas the increase in water from La Niña supplies necessary moisture (Hodson et al.,
2011). Due to these moisture constraints CH4 production, in the south-eastern corner of
Australia, peaks in the winter. Increases in global temperature also increase extreme
precipitation in some regions and as studies suggest, sources of CH4 such as wetlands may
present a strong positive feedback (Dlugokencky et al., 2011).
The main sink of CH4 occurs from the hydroxylation of the CH4 molecule when it interacts
with the hydroxyl (OH) radical in the troposphere (Dlugokencky et al., 2011, Ehhalt, 1978,
Thompson and Cicerone, 1986, Khalil and Rasmussen, 1985). This interaction accounts for
roughly 90% of CH4 loss (Saunois et al., 2020). Some oxidation also occurs through
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methanotrophic bacteria in soils (Dlugokencky et al., 2011). There is also a similar oxidation
mechanism of removal associated with halogenation, which occurs most commonly with
chlorine (Cl) radicals in the PBL (Dlugokencky et al., 2011, Strode et al., 2020). During
hydroxylation OH interacts with CH4 to form more complex oxidised products (Hartmann et
al., 2013). Due to the structure of CH4, it has an estimated atmospheric lifetime of 9-10 years
as H-atom abstraction is less favourable than for almost any other gaseous organic molecule.
(Thompson, 1992, Brasseur, 2017a).
OH radicals originate from cleavage of non-radicals, usually by solar radiation via the
process of photolysis (Thompson and Cicerone, 1986). The OH radical is produced by the
reaction of water vapour with the electronically excited oxygen atom originating from ozone
photolysis (see equations 3 and 4) (Brasseur, 2017a, Thompson and Cicerone, 1986, Khalil
and Rasmussen, 1985).
O3 + hv → O2 + O(1D)

(3)

O(1D) + H2O → OH + OH

(4)

OH reacts with ozone to produce the hydroperoxyl radical HO2, which goes on to further
react with ozone and return OH, leading to a catalytic cycle for ozone loss (see equations 5
and 6) (Brasseur, 2017a, Thompson and Cicerone, 1986, Thompson, 1992).
O3 + OH → HO2 + O2

(5)

O3 + OH2 → OH + 2O2

(6)

On a global scale the most important gases oxidised as a result of this chemistry are CO and
CH4 (see equations 7 and 8) (Thompson and Cicerone, 1986). Up to 75% of OH loss is
through the reaction with CO and the majority of the remainder is through the reaction with
CH4 (Thompson, 1992).
CO + OH + O2 → CO2 + HO2

(7)

CH4 + OH + O2 → CH3O2 + H2O

(8)

Cl and other halogens work in a similar method to OH, in that they replace an H atom, to
form more complex compounds. Halogenation is orders of magnitude more effective at CH4
oxidation than OH, as halogens are quickly recycled in products.
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2.3.2. Urbanised Terrestrial surfaces
Anthropogenic sources of CH4 are produced through thermogenic and/or biogenic
(commonly methanogenesis) means (Levin et al., 1999). Anthropogenic sources include
waste treatment/landfilling, coal and gas mining, traffic and ruminant animals (Levin et al.,
1999, Dlugokencky et al., 2011, Knittel and Boetius, 2009). Other major sources include
fossil fuel burning, rice agriculture and forest/bush fires (Dlugokencky et al., 2011, Knittel
and Boetius, 2009). CH4 emissions have become increasingly problematic in recent years due
to increases in fossil fuel use, and large increases in population, which are associated with
waste treatment and animal farming (Levin et al., 2011). Highly populated, industrial regions
are a major source region of CH4, with the same mean flux densities or often larger than those
seen in wetlands (Levin et al., 1999). CH4 fluctuates largely throughout the year due to
periods where crops are grown, which depending on the crop, can greatly increase emissions
(Chen et al., 2008). Variability will depend on whether a ‘dry’ or ‘wet’ method of cropping is
used. For example, if the crop is rice, the increase of organic material in still waters will
greatly increase emissions. Dry methods on the other hand are likely to deplete CH 4 as there
is an increase in methanotrophic bacteria in soils.

2.3.3. Water bodies
CH4 is generated in the ocean from anoxic freshwater and marine sediments via
methanogens. Sedimentary CH4, which contains organic matter, forms gaseous CH4 during
thermal breakdown induced by high temperatures and pressure (Römer et al., 2014, Knittel
and Boetius, 2009). Some CH4 enters the ocean water column by seepage from thermal vents,
however, this is highly uncertain in the Southern Ocean. Oceanic CH4 is generally removed
by processes such as anaerobic methanotrophs in the sediments and water column (Römer et
al., 2014). Anaerobic oxidation of CH4 accounts for 90% of consumption from the ocean,
which greatly affects the total CH4 flux into the atmosphere, as almost all oceanic CH4 from
sediments is consumed (Knittel and Boetius, 2009). CH4 concentrations are much higher
closer to land than over the ocean, meaning there are virtually no strong oceanic sources
(Ehhalt, 1978). There is also a reported Cl sink of CH4 that is significantly strong particularly
in the Southern Ocean marine boundary layer (MBL) (Hossaini et al., 2016). This sink
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actively halogenates CH4 to form halogenated products. Halogens often ‘recycle’ so can
cause a significant amount of depletion before being deposited (Hossaini et al., 2016). This
mechanism and its feasibility as a sink will be discussed in further detail in section 9.3.2.
Otherwise CH4 is considered relatively stable and is usually not taken up by sink mechanisms
rapidly.

2.4.

Knowledge Gap and Aims

2.4.1. Knowledge Gap
The Southern Ocean region lacks detailed large-scale pollution inventory studies, otherwise
available for most regions throughout the world. This region also remains one of the least
frequently reported regions of Earth, despite its importance in global systems. A lack of
studies leaves a large gap in the understanding of one of Earth’s most pristine environments.
Inventory studies are necessary to model, predict and monitor both pollution and the
consequent environmental changes. It remains relatively unknown the amount of pollution
from Australia and New Zealand that is entering the Southern Ocean. Utilising radon as a
tracer poses as a useful tool to investigate the concentrations of trace gases entering the
Southern Ocean, and so can be used to address some of the knowledge gaps.

2.4.2. Aims and Objectives
This study aims to assess the concentrations and frequency of trace gases entering the
Southern Ocean, in order to estimate the amount of pollution entering the Southern Ocean
from Australia and New Zealand. The radon-tracer technique, utilised at Macquarie Island,
provides an ideal scenario to assess terrestrially influenced air parcels entering the Southern
Ocean, and hence the concentrations of trace gases leaving Australia and New Zealand.
Pollution events are described as air parcels containing high concentrations of CO 2 and/or
CH4. In order to quantify the frequency, strength and origin of these gases, the objectives of
this study were to:
-

Quantify a baseline for CO2 and CH4 in the Southern Ocean using a radon-based
approach
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-

Define radonic storm events as high concentration radon events through use of radonbased thresholds

-

Investigate the seasonal relationship of CO2 and CH4 deviations from baseline
concentrations (hereafter referred to as ΔCO2 and ΔCH4) in conjunction with seasonal
increases in terrestrially influenced air parcels entering the Southern Ocean

-

Estimate the deviations of CO2 and CH4 fluxes (hereafter referred to as ΔCO2 fluxes
and ΔCH4 fluxes) from Australia to determine the relationship between the mainland
seasonal cycles of CO2 and CH4 and the seasonal cycles of terrestrially influenced air
parcels entering the Southern Ocean

-

Investigate the seasonal shifts in fetch regions of radonic storms, and hence conclude
how this influences the overall radon entering the Southern Ocean (through the
utilisation of back-trajectories)

-

Investigate the source regions of depleted and/or enriched CO2 and/or CH4 air parcels
(through the utilisation of back-trajectories)

From these analyses, an approximation of the pollution entering the Southern Ocean from
Australia and New Zealand will be determined.
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3. MACQUARIE ISLAND AND THE SOUTHERN OCEAN
Macquarie Island, discussed below, is the site where all measurements were recorded for this
study. The location of the site is ideal for the purposes of this study, given the meteorological
conditions addressed in section 3.2.1. Section 3.2.1 addresses the primary conditions which
influence the overall movement of air poleward from the mid-latitudes, and is essential to
consider for gases entering the Southern Ocean from Australia and New Zealand. Further,
section 3.2.2 introduces the primary modes of precipitation variability over the eastern coast
of Australia, and is essential to consider for their overall influence on CO 2 and CH4
variability.

3.1.

Macquarie Island

Macquarie Island is located at latitude 54°30′ S and longitude 158°55′ E, (Bureau of
Meteorology (BOM), 2021c), approximately 1500 km south east of Australia and 1600 km
north of Antarctica (Figure 1) (Stavert et al., 2019). It measures 34 km by 5 km (Chambers et
al., 2018) with an area of 12,788 hectares. The island has a mean minimum and maximum
temperature in June-September at 1.6°C and January at 6.6°C, respectively, and an average
annual rainfall of 994.9 mm (Bureau of Meteorology (BOM), 2021c). The direction of wind
reaching Macquarie Island is predominantly from the west (35%), north west (35%) and
north (15%), with an average wind speed greater than 9 m s-1 (Stavert et al., 2019). The island
is extremely windy with calm winds (< 1 m s-1) less than 1% of the time (Stavert et al., 2019).
The radon measurement program at Macquarie Island is jointly operated by ANSTO, the
Australian Antarctic Division and the Australian Bureau of Meteorology. Greenhouse gas
monitoring at this site is maintained and operated by the CSIRO Oceans and Atmosphere
group. The site can be viewed in Figure 2; the radon detector is located by the red dot.
Coastal/island sites are preferred for measurements of marine air, and are utilised to provide a
baseline for long-term trends and seasonal cycles that are representative of the site latitude.
Small island sites are ideal, as they are generally not contaminated by the terrestrial biosphere
or anthropogenic sources (Law et al., 2010). Radonic storms observed at remote islands in the
Southern Ocean provide detailed information about long-distance travel from distant
continents (Zahorowski et al., 2004b). Macquarie Island is sometimes influenced by pollution
events from Australia and New Zealand. As Macquarie Island is located in the westerly wind
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belt to the south-west of Australia, air that flows southward from Australia is influenced by
the westerly wind belt, and so moves south-west to Macquarie Island. Therefore, Macquarie
Island is ideal for observing southward pollution events from Australia.

Figure 1. Location of Macquarie Island and the research facilities (158°55′ E, 54°30′ S) on
Macquarie Island. The yellow dot indicates the location of Macquarie Island in the Southern
Ocean, and the orange dot is the location of the research facilities on the island. Images
sourced from: (ArcGIS, 2021).
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Figure 2. a) Isthmus on Macquarie Island where the research facilities are located. b) Side
view of the Isthmus where the research facilities are located. The red dot in both images
indicates the building where the radon detector is located. Images sourced from: (Australian
Antarctic Program, 2021).
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3.2.

Meteorological Conditions and Atmospheric Transport to Macquarie Island

Over the deep Southern Ocean, the diurnal variation in surface temperature is absent or
greatly reduced. Consequently, the PBL is quite uniform in depth over the entire diurnal cycle
and fully mixed by the strong winds (Schery and Huang, 2004, Zahorowski et al., 2013,
Chambers et al., 2018). The seasonality of the concentration of trace gases at Southern Ocean
sites is dominated by the seasonal shift of the intertropical convergence zone (ITCZ)
discussed below.

3.2.1. Southern Hemisphere and Polar Characteristics
Hadley cells are the thermally direct tropical circulation cells which extend from the equator
to roughly 30° in each hemisphere (Doering and Saey, 2014, Hartmann et al., 2013). Warm
air rises in the equatorial regions and moves poleward, before the air cools and descends. The
ITCZ lies between the southern and northern Hadley cells at the equator and moves
seasonally with solar declination (Brasseur, 2017b, Enting and Mansbridge, 1991). During
the austral winter months, the fetch region for the Southern Ocean greatly expands as the
ITCZ moves northward (Doering and Saey, 2014, Schneider et al., 2014). During this time,
the Hadley cell moves northward also, increasing the fetch of boundary layer movement in
the Ferrel cell to include significant southward flow over Australia. During the austral
summer, on the other hand, the ITCZ and consequently the Hadley cell move further south,
greatly reducing the surface fetch region over Australia (Schneider et al., 2014). The
maximum northern position of the ITCZ is in August, around 20° N, and the maximum
southern position is in January around 10° S, see Figure 3c (Doering and Saey, 2014). In
particular, the boundary layer movement in the Ferrel cell includes more or less southward
flow over the Australian land surface. These are the main influences of seasonal movements
of large-scale circulation patterns on air parcels travelling over the Southern Ocean (Brasseur,
2017b, Enting and Mansbridge, 1991) and are especially important in this study as they affect
the general fetch of radon and trace gases arising from the south of Australia. This is
demonstrated in Figure 3, and also in the results in section 6.
The ITCZ movement also shifts mid-latitude low and high pressure systems, influencing
local and long-distance transport (Dentener et al., 1999). During winter months, the ITCZ
shifts north and high-pressure systems situate over Australia, which influences a larger
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amount of air parcel movement poleward. The shift in the ITCZ during the summer moves
westerlies further south and off Australia, so continental air is no longer being drawn into the
Southern Ocean, except during rare events (Polian et al., 1986). The seasonal shift in the
ITCZ makes such a profound difference in radon transport into the Southern Ocean that
despite increased radon emissions in the summer that result in higher background levels over
Australia (see section 4.5.1), winter months still overwhelmingly dominate high
concentration events arriving at Macquarie Island (Zahorowski et al., 2004a).
a)

b)
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c)
i)

ii)

iii)

Figure 3. Global movement of the ITCZ between a) austral summer and b) austral winter.
Image reproduced from (Brasseur, 2017b). c) The seasonal shifting of the Hadley cells in i)
austral summer (January), ii) austral spring/autumn and iii) austral winter (August). Image
reproduced from (Doering and Saey, 2014).
Almost all movement of radon from Australia travels through the PBL, with very little
vertical mixing, however, all trace gases experience intense dispersion through the strong
zonal belt of winds in the Southern Ocean. It is less common, however, radon from
tropospheric subsidence over the Antarctic continent can also result in enhanced radon
concentrations reaching Macquarie Island. Tropospheric subsidence occurs when radon
enters the jet stream and is brought over the Southern Ocean to be deposited above/on the
Antarctic continent (Chambers et al., 2018). Radon then flows off the Antarctic continent
(termed ‘katabatic flows’) and into the Southern Ocean (see section 6.3.2) (Chambers et al.,
2018). A visualisation of the conditions that dictate transport is given in Figure 4. As seen,
the majority of the transport occurs through the PBL in the region where the SAM shifts.
Figure 4 and Figure 3 demonstrate how the movement of the Hadley cell will influence the
poleward movement of air from Australia.
Extratropical cyclonic systems are central to synoptic transport events and they are
responsible for poleward transport. The maximum number of cyclonic events are found in
winter, and the minimum in summer, further, the greatest number of systems are found
between 50° S-70° S latitude (Simmonds and Keay, 2000). It is common in winter that high
pressure cyclonic systems form over Australia and move south-west before terminating.
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Figure 4. Meteorological conditions that dictate the transport of gases into the Southern
Ocean. Image reproduced from: (South Eastern Australian Climate Initiative (SEACI),
2012).

3.2.2. ENSO, IOD and SAM
Australia is subject to three main climatological modes that influence particularly
precipitation seasonality, especially on the eastern coastline and central south eastern corner
of Australia. These include the ENSO, the Indian Ocean Dipole (IOD) and the SAM (South
Eastern Australian Climate Initiative (SEACI), 2012). ENSO is a result of tropical sea surface
temperature variance over the Pacific Ocean (Yin et al., 2018, Zhang et al., 2015). During El
Niño conditions, heating occurs in the central and eastern tropical regions of the Pacific
Ocean, increasing high pressure systems across Australia and decreasing rainfall (Bureau of
Meteorology (BOM), 2012, South Eastern Australian Climate Initiative (SEACI), 2012). La
Niña conditions are opposite to that of El Niño. The body of water in the tropics above
Australia is greatly heated, increasing evaporation and hence precipitation (Bureau of
Meteorology (BOM), 2012). In addition to this, during La Niña conditions, cooler waters
from the deep ocean are also drawn to the surface which strengthens upwelling (Bureau of
Meteorology (BOM), 2012). Conversely, upwelling is halted during El Niño conditions
which reduces the overall CO2 flux from the heated region of ocean to zero (Tans et al.,
1990). During ‘neutral’ conditions, there is neither El Niño or La Niña and rainfall is average
(Bureau of Meteorology (BOM), 2012). SAM is the expanding and contracting of the zonal
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belt of westerly winds that circle the Antarctic continent. This expansion and contraction
shifts the westerly jet stream, and the wind speed is dependant on both the phase of SAM and
ENSO (e.g., positive SAM with La Niña weakens wind strength (Langlais et al., 2015)).
Moreover, the meridional circulation shows the descending dry air, where the Hadley cell
meets the Ferrel cell, is over the south eastern corner of Australia (South Eastern Australian
Climate Initiative (SEACI), 2012). This descending dry air will further limit precipitation.
The Hadley cell has been expanding further south over the last 30 years (due to increases in
temperature from anthropogenic influences), with the exception of winter periods (South
Eastern Australian Climate Initiative (SEACI), 2012).
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4. METHODS
4.1.

Macquarie Island Radon Detector

Atmospheric radon is monitored continuously at Macquarie Island by a 700 L dual-flow-loop
two-filter radon detector (hereafter referred to as ‘the detector’), designed and built at
ANSTO. The principle operation of these detectors, along with additional information can be
found in (Whittlestone and Zahorowski, 1998, Griffiths et al., 2016). The detector is located
in the Clean Air Laboratory at the northern end of Macquarie Island (Chambers et al., 2018)
(Figure 2). The dual-flow-loop two-filter detection method is currently the best technique for
low level counting of atmospheric radon (Chambers et al., 2018, Zahorowski et al., 2013,
Zahorowski et al., 2004b, Williams and Chambers, 2016). The detector consists of two
pieces, two 200 L thoron (Rn-220; half-life 55.6s) delay volumes (the blue barrels in Figure
5), and the main detector (700 L volume) (Whittlestone and Zahorowski, 1998). During
operation, incoming air is conditioned by a primary filter, removing radon progeny and
aerosols already present in the ambient air. The radon progeny consist of short-lived
daughters with half-lives less than 30 minutes (see Williams and Chambers (2016) for the full
decay chain). The sampled air then enters the main detector chamber, where it is delayed to
allow new progeny to form under controlled conditions. The sampled air is then circulated
through a second filter (part of the detector ‘head’), which captures the radon progeny onto a
low impedance fine wire mesh adjacent to a sheet of ZnS-impregnated scintillation paper (see
Figure 6). The flashes produced by alpha particles from the radon progeny interacting with
the scintillation material are then counted by a photo-multiplier tube (Zahorowski et al.,
2004b). These detectors must be able to detect a wide range of concentrations as tropospheric
air (that can mix into the MBL) can contain less than 10 mBq m-3 (about 5 atoms L-1 of air),
whereas air directly from a continent can contain in excess of 20000 mBq m-3 (Zahorowski et
al., 2004b). The detectors are calibrated by passing air through a radon source (containing
radium) and calculating the radon concentration by dividing the radon output from the source
by the sampling rate flow. All data were provided as a quality-controlled CSV file pers.
comm., Scott Chamber and Alastair Williams, ANSTO.
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Figure 5. Radon detector at Macquarie Island. Image sourced from: (Australian Antarctic
Program, 2021).

a)

b)

Figure 6. a) Schematic of a 1500 L radon detector (similar in principle to the 700 L detector
at Macquarie Island), and b) schematic of detector measurement head. Images obtained from
Scott Chambers (pers. comm.).
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4.2.

Macquarie Island Greenhouse Gas Monitoring

Hourly CO2 measurements from 2013-2015 were obtained with a CSIRO LoFlo Mark2 CO2
analyser. The analyser is an integrated system constructed around a Li-COR NDIR optical
bench. Further details can be found in Stavert et al. (2019). The LoFlo CP2 analyser at
Macquarie Island was decommissioned at the end of 2015, and was replaced in October 2016
by a Picarro Cavity Ring Down Spectrometer (model G2301, serial number CFADS2395) for
continuous hourly in-situ CO2 and CH4 concentration measurements (pers. comm., Dr Zoe
Loh and Paul Krummel, CSIRO Oceans and Atmosphere). The Picarro instrument is
characterised and described in detail in (Yver Kwok et al., 2015). The Picarro instrument
supplied hourly data from October 2016 to December 2019. All data for CO2 and CH4 was
provided as a quality-controlled CSV file pers. comm., Dr Zoe Loh and Paul Krummel.

4.3.

Wind Speed/Direction

Wind speed (m s-1) and direction () were obtained from routine meteorological
measurements carried out by the Australian Bureau of Meteorology from the local
meteorological tower on Macquarie Island. The standard deviations of the trace gases and
wind direction/speed were investigated in order to identify any data segments that require
exclusion from the analysis due to contamination by local emissions from Macquarie Island
(see section 5.3). All events with wind speeds < 5 m s-1 were classified as low wind speed
events. For the purpose of further analysis in section 5.3, high wind speed events were
classified as > 15 m s-1. Wind direction (WD) categories for exclusion purposes were defined
as follows:
1. North: WD < 45° or WD ≥ 315°
2. East: 45° ≤ WD < 135°
3. South: 135° ≤ WD < 225°
4. West: 225° ≤ WD < 315°
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4.4.

Computational Analyses

The main computational analysis has been integrated through section 5 as it also presents
results. All analyses were performed using Python with custom scripts written for the purpose
of this study. The Python packages utilised in this study have been summarised in Appendix
1 and the relevant Python code for the baseline construction, defining events and backtrajectory analysis has been included in Appendix 2.
Plots of significant wave height (included in section 9.3.2) were calculated using reanalysis
data from ERA5 (ECMWF Reanalysis 5th Generation) (Hersbach et al., 2018). Data were
collected from a period of 2013 to 2019 and included every month, day and 6-hourly data
(data at 00:00, 06:00, 12:00 and 18:00). Data were collected as two files, a summer period
(October-March) and a winter period (April-September).
Note that although the term ‘season’ is used loosely throughout this study, this is a
generalisation. At Macquarie Island, as the results show, radon concentrations vary
sometimes greatly each month and work more to a polar definition of seasons. This describes
seasons which last half of the year. ‘Summer’ months are generally those at the start and end
of the year, whilst ‘winter’ are those closer to the middle of the year. Because of this, seasons
were not used to describe the dataset analytically, as it is somewhat misleading. Instead, data
were described on a monthly basis.
A Cape Grim dataset (containing similar data to that of the Macquarie Island dataset) was
also provided by ANSTO. It is utilised in this study for the verification of a few anomalies
and the subsequent analysis will be discussed in section 9.3.2.
The construction of back-trajectories was achieved through the use of a pre-computed
database of hourly back-trajectories calculated using the Hysplit model (pers. comm., Jagoda
Williams) (Draxler and Hess, 1997). All trajectories were run backwards in time 5 days
(unless stated otherwise), using meteorological data obtained from the Global Data
Assimilation System (GDAS) model.
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4.5.

Estimating Gas Fluxes from the Australian Continent

The radon-tracer approach used to estimate fluxes in this study is well documented (e.g.,
(Biraud et al., 2000, Zahorowski et al., 2004b, Thom et al., 1993)). Many assumptions must
be made for this to proceed, such as that the sources of radon and the trace gas of interest are
similarly distributed and restricted to terrestrial surfaces (Thom et al., 1993). The method
relies on the link between emissions along an airmass trajectory and measured concentration
which can be written as:
Δ𝐶𝑔

𝐹𝑔 = 𝐹𝑟 Δ𝐶

𝑟×

𝜏

(9)

This equation gives the flux of a trace gas, Fg, given the known flux of radon, Fr, and
enhancement of radon, Δ𝐶𝑟 , and the other trace gas, Δ𝐶𝑔 at Macquarie Island. Concentration
enhancements are defined as: Δ𝐶 = 𝐶 − 𝐶𝑏 where C is the recorded concentration at
Macquarie Island and 𝐶𝑏 is the concentration of the oceanic baseline (see also Appendix 3).
The factor τ accounts for radioactive decay, or other processes which can be treated as a first
order decay process, acting on the trace gas in the time between emission and measurement.
In order to estimate the flux of a trace gas at Australia (Fg), the flux of radon at Australia (Fr)
must be known. The flux of radon, although variable at Australia, must be approximated for
simplicity, and is chosen at 23.4 mBq m-2 s-1 from Griffiths et al. (2010). The correction term
for the decay of radon is:

𝜏=

1
exp(−𝜆𝑡)

(10)

Where t is the approximate time taken for an air parcel to travel from Australia to Macquarie
Island (approximated as 1.5 days, corresponding roughly to the transit time from the south
east corner of Australia to Macquarie Island) and 𝜆 is the decay constant of radon, where 𝜆 =
2.1 × 10−6 𝑠 −1. So, the correction equals:
1/exp (−2.1 × 10−6 × (1.5 × 3600 × 24))

(11)

Which equals roughly 1.3. So, to calculate an average flux given any event:

𝐹𝑔 = 23.4 ×

Δ𝐶𝑔
Δ𝐶𝑟 ×1.3

(12)
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4.5.1. Fluxes of Radon from the Australian Continent
The fluxes of radon can vary spatially (primarily due to geology) and seasonally (primarily as
a function of soil moisture) (Griffiths et al., 2010, Van Der Laan et al., 2016, Schmidt et al.,
1996, Szegvary et al., 2007). Emissions from the south east of Australia vary from 16.3 mBq
m-2 s-1 to 25.1 mBq m-2 s-1 seasonally. The flux calculation is relevant to Australia, as this is
the most significant land area within the immediate fetch region of Macquarie Island.
As the flux of radon is relatively uniform (as stated in section 2.1), it is still regarded as
acceptable to approximate. Zahorowski et al. (2004a) mention that the overall flux within the
fetch region is not the dominant factor that determines the overall concentration (Zahorowski
et al., 2004a, Jacob et al., 1997). This is evident as a maximum and minimum flux is reported
in summer and winter respectively (Biraud et al., 2000), opposite of what is observed for
overall radon concentrations in the Southern Ocean (Zahorowski et al., 2004a, Griffiths et al.,
2010). Figure 7a demonstrates the variability in radon emittance from Australia, and Figure
7b shows how this varies seasonally.

a)

b)

Figure 7. a) Mean radon flux density from 1979-2010 from Australia. b) Variation in radon
emanation seasonally from Australia. Images reproduced from: (Griffiths et al., 2010).
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RESULTS AND DISCUSSION
5. DEFINING BASELINES AND RADONIC STORM EVENTS
5.1.

Data Overview

Figure 8 shows hourly radon, CO2 and CH4 concentration measurements from Macquarie
Island. Radon and CO2 measurements were available from January 2013 to December 2019
(CO2 data was missing from 2015-2016 as the LoFlo instrument was decommissioned),
whereas CH4 data were only available from October 2016 (when the Picarro instrument was
installed). Pronounced long-term (multi-year) trends and seasonality are clearly observable in
the CO2 and CH4 timeseries. Radon does not have a long-term trend, as emissions have
remained approximately constant with time and, because of its short half-life, it does not
accumulate in the atmosphere on greater than synoptic timescales. ‘Radonic storms’, defined
as prolonged events of significantly higher than background radon concentrations, are
observable in the raw radon data (Figure 8a). Corresponding events in the CO2 and CH4 data
are less pronounced and harder to quantify, as they are obscured by the seasonal cycles and
long-term trends. As long-lived greenhouse gases accumulate in the atmosphere, it is
expected that the baseline for these gases will be rising, leading to the observed trends in
Figure 8b and c.
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a)

b)

c)

Figure 8. Hourly timeseries of a) radon, b) CO2 and c) CH4 concentrations, from Macquarie
Island. The seasonality and long-term trends (for the greenhouse gases) are clearly
pronounced.

5.2.

Defining Terrestrial Influence and its Seasonality

To observe the seasonal variation of terrestrial influence at Macquarie Island, monthly
percentiles of radon were calculated (Figure 9). Clean conditions need to be characterised to
allow transport events to be described in terms of their deviations from the baseline state. For
radon, the 95th percentile displays the largest seasonal cycle (see Figure 9). Terrestrially
influenced air reaches the Southern Ocean with the largest values observed during winter
periods and the smallest in summer periods. This seasonal difference is dependent on radonic
storm events (which change seasonally in their number and duration), hence terrestrially
influenced air parcels. Not only do most of the high-radon events occur during winter, but
peak radon concentrations, event frequency and event length, were also higher (discussed in
section 6.1). This can be explained by the north/south migration of the boundary between the
Hadley and Ferrel cells (the subtropical ridge) between summer and winter (see section 3.2).
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The majority of the percentiles however, are dominated by periods with little terrestrial
influence (or influence that occurred over long timescales). Because of this, radon
concentrations do not largely change on a monthly basis, only increasing slightly during the
winter months. The lack of seasonality in the majority of the data implies that seasonal radon
variability was dominated by the high radonic storm events, which are superimposed upon an
unchanging radon ‘baseline’ value. Therefore, the lower percentiles are representative of
well-mixed mean hemispheric conditions (baseline conditions). A baseline for radon, from
Figure 9 is approximately located between 40-100 mBq m-3.

Figure 9. The 5th, 25th, 50th, 75th and 95th percentiles of radon concentrations observed at
Macquarie Island.

5.3.

Influences of Wind Speed and Direction on Radonic Storm Variability

Wind direction and speed were recorded at the detector hourly for all data at Macquarie
Island. It is well-known that the wind in the Southern Ocean spirals around Antarctica in a
clockwise motion (with the exception of the Antarctic coast which commonly experiences
easterlies). Air parcels are not regularly expected to move to the detector from the east or
south, as this is against the primary direction of air movement in the Southern Ocean. Figure
10a shows a wind rose of all data. Winds are approaching most prominently from the west to
north-north-west. ‘Fleeting’ contact, for this study, describes an air parcel that has intercepted
radon that has dispersed and mixed offshore, and due to dilution is commonly low in radon
concentration. The time taken for an air parcel to travel to Macquarie Island, from
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Australia/New Zealand with fleeting terrestrial contact, appears greater than 20 hours, as
Figure 10b shows a back-trajectory density plot back-dated 20 hours, where within this time
almost no trajectory reaches land.

a)

b)

Figure 10. a) Wind rose of wind speed/direction associated with all radon data. b) 20 hour
back-trajectory of all radon data, highlighting the most common wind direction.
Wind speed and direction are important to consider due to local influence from Macquarie
Island. Due to Macquarie Island’s shape and size, a significant amount of radon can be
locally sourced as air parcels move north up the island, simulating an event (Whittlestone and
Zahorowski, 1998). During periods of low wind speeds, the local island radon source has the
potential to simulate events similar to those of transported terrestrially influenced air parcels
(Zahorowski et al., 2004b, Biraud et al., 2000). This occurs through radon accumulating in
the PBL around the detector, and, as the measurement tower is 10 m high, during low winds
speeds air mixes vertically more easily from the island surface to the sampling height.
Local influence at Macquarie Island can be removed through establishing a wind speed
threshold (Zahorowski et al., 2004b, Biraud et al., 2000) and only selecting data from a
specific wind direction. The wind speed threshold for the purpose of this study was
characterised as 5 m s-1 or lower. However, wind speeds at Macquarie Island, on average, sit
around 15-20 m s-1, where radonic storm events were scarcely found around or lower than 10
m s-1, (despite the median wind speed in summer estimated to sit around 10 m s-1 (Derkani et
al., 2021)). Wind speed thresholds at other sites have been included in Table 1.
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Table 1. Local event wind speed thresholds from other radon-based studies.
Wind Speed
Threshold (m s-1)
5

6

2.5 and 3.5

Additional

Reference

Local events were present at Crozet,
Kerguelen and Amsterdam Islands below the
wind speed threshold and where
meteorological conditions indicated low
mixing.
Needed to exceed 6 m s-1 for a significant
amount of travel from Eastern Europe to
Mace Head to occur. Where wind speeds
were as low as 2 m s-1 local influences
dominated.
For summer and winter respectively.
Measurements were obtained at Schauinsland
in the Black Forest (Germany).

(Polian et al., 1986)

(Biraud et al., 2000)

(Schmidt et al., 1996)

Given Table 1, it is clear that parameters are site specific and for the very fast wind speeds of
the Southern Ocean, it is likely that no locally influenced high radon concentration events
exist at Macquarie Island. This theory is supported by Polian et al. (1986) stating that
conditions in the subantarctic latitudes generally have very high wind speeds, so mixing
conditions are extreme, leading to well homogenised concentrations (Polian et al., 1986).
Further, Whittlestone and Zahorowski (1998) state that diurnal cycles are not present in
observations at Macquarie Island (Whittlestone and Zahorowski, 1998). It is evident
throughout the literature that local influences are not well constrained at Macquarie Island.
Whittlestone and Zahorowski (1998) estimate that the headland (roughly 4 km) located
between 280° to 270° can contribute as much as 50 mBq m -3, given lowered wind speeds
(Whittlestone and Zahorowski, 1998). So, it is possible that much higher radon
concentrations could be sourced south of Macquarie Island, where there is significantly more
terrestrial surface than the headland, however, this was not found or constrained in this study.
The possibility of island influences should not be ignored as they may be more important for
other trace gases. Soils at Macquarie Island are commonly wet, which is usually associated
with high radon fluxes (Whittlestone and Zahorowski, 1998) and also biologically rich with
the potential for strong sources and sinks for CO2 and CH4 (Polian et al., 1986). Southerly
winds could be elevated in CH4, although likely low in CO2, so southern events may well
appear similar to typical events originating from Australia (as is shown in section 6).
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5.3.1. Possible Locally Sourced Events
Due to the well homogenised nature of the subantarctic atmosphere (and how remote
subantarctic islands are), these locally sourced events are not ‘smoothed’ by mixing/uptake
during transit, so present as sharp variations within the standard deviations (stdev) of
measurements. Figure 11 demonstrates the relationship between the stdev of all gases and
wind direction/speed. Where the stdev is high within the southern wind direction (135° ≤ WD
< 225°) it is likely that the gas is sourced locally. High stdev in the northern direction (WD <
45° or WD ≥ 315°) in Figure 11a likely corresponds to radonic storms traveling to Macquarie
Island when mixing conditions in the Southern Ocean are slow rather than local influence.

Radon stdev

a) Radon

Wind Direction (°)

CO2 stdev

b) CO2

Wind Direction (°)
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CH4 stdev

c) CH4

Wind Direction (°)

Figure 11. Stdev by wind speed and direction for a) radon, b) CO2 and c) CH4. Black dots
(average wind speed) are wind speeds < 15 m s-1 and > 5 m s-1. Red indicates low wind
speeds < 5 m s-1. Blue indicates high wind speeds > 15 m s-1.
Figure 11b demonstrates that local sources of CO2 were likely not influential. Interestingly, a
prior analysis (not included) showed that some higher concentration CO2 events were largely
of the lower category of speed, and some of which have travelled from the south. These south
events, as the wind speed was low, may be a result of local fluxes from the island, or even
from the facilities at the research site. Regardless, many of the higher stdev points are of the
lower wind speed category and were removed.
The southern wind direction for CH4 shows strong evidence of local influence. In fact, some
of the larger CH4 values (from a prior analysis) were found to be sourced from the southern
direction, indicating that emittance of CH4 from Macquarie Island must be significant.
Although mostly covered in low shrubs and herbs, the ground is mostly waterlogged, and
near the detector there is commonly rotting seaweed, and seals which frequent the beach (sea
animal colonies have similar emission rates to ruminant animals (Zhu et al., 2008)).
From the above, all data from the southern direction, and conditions lower than 5 m s-1 were
removed prior to further analysis. Note that although the region directly south of the isthmus,
where the station is located, is ocean, the difference between selecting events, based on
excluding data, with wind direction parameters of:
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1. 135° ≤ WD < 225°
2. 180° ≤ WD < 225°
are 318 and 329 events respectively (with the additional parameters of the main analysis,
discussed in section 5.6). Evidently, there are still a few events originating from the full range
of the southern direction (1). It is possible that these additional 11 events were influenced by
New Zealand or even Antarctica, however, it is more reasonable to assume as local influence,
so the wind direction parameters were defined as the full southern range.

5.4.

Characterising Baseline Conditions in the Southern Hemisphere

In order to isolate and characterise terrestrial transport events using radon as a tracer, it is first
important to quantify radon concentrations that are typical of the ‘baseline’ (or background
oceanic) clean air that has not recently (in the past 2-3 weeks) been influenced by the
injection of any local or regional pollutants from nearby land masses. As discussed in section
2.1, radon is an ideal tracer for this as emissions from land are 2-3 orders of magnitude
greater than from the ocean (Schery and Huang, 2004), so any periods with high radon
concentrations can be assumed to have terrestrial origin. Because of this, selecting periods
with low radon values, should provide a very good approximation of a true oceanic baseline.
Investigating periods of increased radon is achieved through the derivation of a baseline
signal, which is then subtracted from the entire dataset, leaving ‘residuals’ (observations
minus baseline). The baseline signal for trace gases with relatively long atmospheric lifetimes
has generally been derived statistically from timeseries after initial conditioning through
meteorological variables. For gases with no variable sinks, it is easier to approximate
baselines by this method, and can be achieved by using values at the lower percentiles. For
more complex cases where varied sinks and sources exist, the median is a better estimate, as
it describes the concentrations that are between the low sinks and the high sources, where
generally the most representative stable background air is found.
Baseline air characteristics serve the crucial purpose of helping to define seasonal and longterm trends in datasets (shown in Figure 8), acting as a direct threshold for data selection
before further analysis (Zahorowski et al., 2004a). Without the ability to remove long-term
trends and hemispheric-scale seasonality from greenhouse gas observations it would not be
possible to directly compare terrestrial transport events into the Southern Ocean from one
season to another, or one year to the next. This is because of both the persistent increase in
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global mean greenhouse gas concentrations and the hemispheric seasonality of trace gases
(Figure 12). Over several years, the magnitude of this change may swamp the signal of
individual transport events. This study uses a radon baseline procedure based on techniques
used in a selection of articles following a similar definition to the methods in Table 2. These
methods have been modified to suit conditions at Macquarie Island. All of the studies listed
are from coastal island sites, either surrounded by or in close proximity to a large oceanic
fetch region.
Table 2. Examples of baseline methods and parameters in other radon studies. Additional
parameters were of particular importance due to site specificity.
Site(s)
Baseline Method
Yonagunijima
Smoothed curve to
(24°27'20'' N
hourly data.
122°59'20'' E)
and
Minamitorishima
(24°17'12'' N
153°58'50'' E)

Additional Event Parameters
Peaks need to exceed 2 stdev
from the fitted curve (stdev
calculated each month from
negative radon values)
Events must meet or exceed 4
hours in length.

Reference
(Wada et al.,
2013)

Cape Grim
(40°38'31'' S
144°43'33'' E)

Suggests a minimum wind
speed requirement and
iterative manual removal of
outliers (does not use in their
study however).
Specific assigned fetch region
based on wind direction.
Events must meet or exceed
4-hours in length.
Event concentration
threshold, CO2 must exceed 4
ppm, CH4 must exceed 0.8
ppm and radon must exceed
1000 mBq m-3.
Wind speed lower than 6 m s1
is removed.

(Law et al.,
2010)

Mace Head
(53°20'00'' N
9°54'00'' W)

Quadratic plus
harmonic fit (with all
data greater than 2
stdev discarded
(repeated until no
further data is
removed))
Second order
polynomial curve and
four annual harmonic
fit.

(Biraud et
al., 2000)

Back-trajectories may also be utilised to remove individual events that have spent time over
land (Zahorowski et al., 2013), however, radon measurements are generally far more accurate
than long-distance back-trajectories are, so back-trajectories will not be utilised in this study.
Setting a single radon event threshold, as utilised by Biraud et al. (2000), may be useful at
sites where typical baseline concentrations are not heavily influenced by monthly seasonality,
which is why this proves suitable for radon-based studies at European sites, however, it is
insufficient at Macquarie Island (see Figure 9).
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Although fitting curves to mean or median values is effective for most sites, the remote
location of Macquarie Island poses additional challenges to baseline characterisation since
the large oceanic fetch and transit time (from Australia to Macquarie Island) provides the
opportunity for greenhouse gases to interact with oceanic sources and sinks. Because of this,
a baseline can be achieved by selecting a range of radon values between the lower percentiles
of the original radon data, calculated monthly. The range chosen was the 5th to 15th
percentiles, as radon in the MBL is typically 30-50 mBq m-3 (Zahorowski et al., 2013,
Chambers et al., 2017, Chambers et al., 2016) and the 5th to 15th percentiles in this study well
constrain this range. Above the monthly 15th percentile value, the radon data does not change
significantly until roughly the 80-90th percentiles are reached. Realistically, higher than the
15th percentile begins to remove a large percentage of the data that still retains interesting
information on mid-range radon concentration events, therefore, the chosen range was found
most suitable. Lower than the 5th percentile contains instrumental background noise
associated with statistical uncertainty. Rather than use a percentile range, Zahorowski et al.
(2013) removes radon data associated with air parcels originating from ice covered land
and/or tropospheric air. Radon concentrations from these regions are near zero and the
detector can sometimes observe negative values associated with statistical uncertainty. This
percentile range may not be effective for sites with a larger terrestrial fetch, but is effective at
Macquarie Island because directly terrestrially-influenced events are relatively uncommon.
The monthly mean concentration of radon within this 5th to 15th percentile range was
calculated as the baseline. This will give a lower baseline value than selecting the mean of
each month and interpolating, and should be more indicative of seasonal changes in
background concentrations of radon. Time periods where radon data fell within the identified
range were used to filter CO2 and CH4 data, from which the median (and mean for CH4,
discussed further in section 5.5 and Appendix 4) was then calculated for each month before
interpolating back onto an hourly timestamp to construct a final baseline timeseries.

5.5.

Seasonal Cycles of CO2 and CH4

The seasonal cycles of CO2 and CH4 are obscured by the long-term trends of the data as these
gases accumulate in the atmosphere. To observe the hemispheric seasonality, a 3rd order
polynomial curve can be utilised to subtract the long-term trend, yielding the plots in Figure
12a and b. Seasonality in CO2 and CH4 is present in all percentiles, implying that a general
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seasonal variation is present throughout the year (i.e., not just during terrestrial transport
events). Due to this, the median values will contain a better estimate of baseline values for
CO2 and CH4 rather than the lower percentiles as used for radon.
a)

b)

Figure 12. The 5th, 25th, 50th, 75th and 95th percentiles for a) CO2 and b) CH4 with the longterm trend removed.
It is important to recognise that these plots (in Figure 12) represent the hemispheric
background seasonality of these gases (as the seasonality is vastly different from that seen in
Australia, as demonstrated in sections 7 and 8). CO2 appears to gradually rise throughout the
year, peaking in October before lowering once more. It may be expected that CO 2 is lower
over the summer months, as the increases in sunlight and consequent plant productivity will
actively deplete CO2 both over land masses and in the Southern Ocean from phytoplankton
blooms. CH4 in Figure 12b shows large seasonality throughout the year, peaking in August
through October before decreasing. It is consistent that CH4 peaks just after winter when
moisture is more abundant in the soil, as moisture is a key factor for methanogenesis.
Autumn should also provide a higher abundance of organic debris (where leaves take over 6
months to decay) so would add material in spring, which especially in wetland environments,
is mostly converted to CH4 when the organic material begins decomposition. CH4
concentrations decrease as dryer conditions arrive, limiting production. The seasonal cycles
in Figure 12 demonstrate the seasonality of the southern hemisphere, and were driven more
so by Africa and South America than Australia. As can be seen in sections 7 and 8, the
seasonality of CO2 and CH4 from the south east of Australia appears opposite to this.
Australia is mostly very dry over the summer months, whereas Africa (Liebmann et al., 2012)
and South America experience their wettest months over summer, driving the hemispheric
seasonality. CH4 does not have many sinks in comparison to CO2 and because of this it was
initially speculated that the lower percentiles may be indicative of baseline conditions.
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However, prior baseline analyses using radon (see Appendix 4) found this not to be the case,
as CH4 retained some seasonality. This is likely due to more sinks in the CH4 data than
originally expected, or that the radon does not/cannot explain sink mechanisms occurring
(e.g., oceanic variance).
With the addition of filtering CO2 and CH4 through a radon derived baseline (the mean 5th to
15th percentile range), the median is chosen for CO2 due to almost equal sources to sinks in
some regions of the data, so was used for both CO2 and CH4. This process removed all longterm trends and seasonality in the CO2 residuals, however, retained small seasonal variance
within the CH4 residuals. Due to an absence of radon values (within the 5th to 15th percentile
range), some CH4 medians were skewed either higher or lower than what was truly indicative
of baseline conditions. Instead of the median, utilising the mean places the calculated CH4
baseline value within the expected baseline range. Additional figures and a more detailed
explanation are included in Appendix 4 for further clarification; the main event of concern
(hereafter referred to as the anomalies/anomaly) appeared in the summer of 2017/2018. These
medians/means were taken monthly over the whole dataset, before a 3rd order polynomial
curve was used to interpolate between the points. Figure 13 represents the baselines that
resulted from this method.
Although the baseline is still not an ideal fit for CH4, the chosen method was found to be a
good approximation of the oceanic background, so was not investigated further. The
seasonality remaining in the CH4 residuals (see Figure 14) is a consequence of either:
1. the method not performing well in certain months where radon cannot explain CH4
variability, or
2. the seasonality in the residuals is ‘real’ and all data below the baseline were relatively
rapid CH4 depletion events occurring over a long period of time.
Possible sink mechanisms for this period are investigated further (in section 9.3.2); however,
the result of such a large depletion period seen in the 2017/2018 summer in Figure 14 for
CH4 is likely a form of analytical or technical error (however, this depletion period also exists
in the Cape Grim data, see section 9.3.2). Further, the baseline is subtracted from the original
dataset, leaving the residuals (containing all data, including events that are not baseline)
shown in Figure 14.
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a)

b)

c)

Figure 13. The interpolated baseline for a) radon, b) CO2 and c) CH4. There is no significant
seasonal cycle or trend in baseline radon concentration, so, a) essentially shows instrumental
noise.

5.6.

Defining Radonic Storm Events

Any period within non-baseline data can qualify as an ‘event’; however, this can represent
even minimal terrestrial contact or air masses transported over long-distances from a distant
terrestrial source. For this study, the largest events were of primary interest and were selected
by applying more stringent thresholds. By setting a large threshold, it is virtually ensured that
all events selected for further analysis will have been in contact with nearby land and been in
contact for a relatively long period of time.
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a)

b)

c)

Figure 14. The residuals of a) radon, b) CO2 and c) CH4. The residuals are the original
dataset with the baseline subtracted, which removes the long-term and seasonal trends. This
simply shows all data that is not of baseline conditions.
Radonic storm events are defined from the residuals of radon data. Initially, following the
approach discussed in section 5.4, a single value threshold of two stdev above the mean was
used for the entire dataset. This resulted in setting a constant threshold of roughly 350 mBq
m-3. Everything below this threshold was discarded, and everything above was included as an
event for further analysis. Although this was effective for locating high concentration events,
it did not account for the seasonal cycle of radon, and so removed many events over summer
months. The seasonal change in terrestrial fetch (section 3.2) required this study to define
events in a ‘relative’ way. As a result, percentile thresholds calculated monthly were used, in
addition to a minimum event length criterion.
In this study, two event classifications are discussed. First, a classification scheme aimed at a
thorough analysis of seasonality (hereafter referred to as the relaxed or permissive analysis)
(the results of this analysis are demonstrated in sections 6, 7 and 8). The second classification
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scheme aimed to refine the thresholds to investigate only very high concentration events
(hereafter referred to as the refined analysis) (this was not used for discussion purposes, as
the thresholds did not allow a sufficient number of events for further analysis (section 10)).
The relaxed thresholds were defined as the 90th percentile with a minimum event length of 3
hours. The refined analysis utilised the 95th percentile and a minimum event length of 6
hours; however, this greatly restricted the dataset and virtually excluded events over summer
months. Although the stricter selection criteria may result in more representative results, it
came at the cost of the dataset size (Van Der Laan et al., 2016), where information was lost.
The impacts of thresholds on the number of events have been provided in Table 3. A figure of
the 90th and 95th percentiles plotted with the radon data is included in Appendix 5.
Table 3. Parameters and the associated number of events. Cells highlighted in green are the
thresholds selected. The cells with a bold outline are the thresholds chosen in this study.
Total
Events
Permissive
365
282
342
284
318
269
Refined
209
143
136
106
124
100

90th

95th

3 hours

6 hours

5 ms-1

15 ms-1

Wind
direction
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6. RADONIC STORMS, THEIR ORIGIN AND COMPOSITION
6.1.

Radonic Storm Composition

Using the parameters describing the permissive radonic storm events described in section 5.6
(Table 3), 318 events were recorded and are presented in Figure 15 with the corresponding
ΔCO2 and ΔCH4 (deviations from baseline concentrations). Within these 318 events,
concentrations of ΔCO2 and ΔCH4 deviated in enrichment or depletion from baseline
concentrations, the numbers of which have been summarised in Table 4.

a)

b)

c)

Figure 15. All events present in a) radon, b) ΔCO2 and c) ΔCH4 based off the initial
permissive thresholds described in section 5.6.
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Table 4. The number of events for the different types of events reaching Macquarie Island
from Australia and New Zealand from the permissive thresholds.
Low Radon 1
High Radon 2
CO2 Enriched 3
CO2 Depleted 4
CH4 Enriched
CH4 Depleted
Total Radonic Storm Events

Number of Events
110
208
200
63
136
16
318

In comparison to the refined analysis (section 10), the main analysis has over double the
number of events and includes some characteristically ‘low’ radon concentration events.
Despite the inclusion of these events, which likely represent fleeting terrestrial contact or
long-distance travel, there is significantly more data included for a more thorough analysis. A
consequence of including low radon events is that concentration and flux estimates are lower
than the reality, however, this is outweighed by the large uncertainty experienced with lack of
data (see section 10). Despite lowered estimates, the baseline thresholds and mean
concentrations from radonic storm event means agree with literature reported values for the
Southern Ocean/Antarctic region (Table 5 and Figure 16).
Table 5. Concentration of radon baselines and storms at various sites in the Southern
Ocean/Antarctic region from numerous sources.
Station Location
Macquarie Island
Macquarie Island
Amsterdam Island
Amsterdam Island
Kerguelen Island
Kerguelen Island
Southern Ocean
Southern Ocean
Macquarie Island
King Sejong Station
Dumont d’Urville
Neumayer
Crozet Island
Crozet Island

Radon Baseline
(mBq m-3)
48.62 (mean)
48.62 (mean)
20 – 60
7.4 – 55.5
10 – 40
7.4 – 55.5
7.4 – 55.5
50
50
50

60
7.4 – 55.5

Radonic Storm
(mBq m-3)
430.22 (mean)
695.73 (mean)
400
740
100 – 200 (mean)
740 (maximum)
148 – 370 (mean)
1500 – 3000
1500 – 2000
180 – 275
110 – 155
200 +
1480

Reference
This Study
This Study (Refined)
(Dentener et al., 1999)
(Polian et al., 1986)
(Dentener et al., 1999)
(Polian et al., 1986)
(Polian et al., 1986)
(Chambers et al., 2018)
(Chambers et al., 2018)
(Chambers et al., 2018)
(Chambers et al., 2018)
(Chambers et al., 2018)
(Dentener et al., 1999)
(Polian et al., 1986)

For the purpose of this table low radon is considered as every event with a mean ≤ 300 mBq m-3
For the purpose of this table high radon is considered as every event with a mean > 300 mBq m-3
3
ΔCO2 and CH4, enrichment events are considered as positive deviations from baseline concentrations.
4
ΔCO2 and CH4, depletion events are considered as negative deviations from baseline concentrations.
1

2
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Cape Grim
Cape Grim

100 – 200
100

6000 (maximum)

(Dentener et al., 1999)
(Zahorowski et al., 2004a)

Figure 16. Radon measurement stations in the Southern Ocean/Antarctic regions. Image
reproduced from: (Chambers et al., 2014).
It is evident that detectors closer to ice free continents (such as Cape Grim and Crozet Island)
experience higher average radon concentrations for both the baseline and storm values than
remote detectors or detectors closer to ice-covered regions (such as Amsterdam Island and
Dumont d’Urville). It is expected that lower averages appear at sites further from continents,
because as distance increases, concentrations are further diluted in transit, and more radon
decays. The seasonality of radonic storms, the average event length and number of total
events at Macquarie Island are shown in Figure 17 and Figure 18, respectively. Events were
more intense in terms of concentration, length and number during the winter months
compared to the summer months. Increases in the upper 95th percentile, during the OctoberNovember period, were likely due to a few anomalous weather events skewing the data (see
Figure 15) as opposed to a large quantity of high concentration radon events (as is likely for
the winter period). The mean seasonal cycle of radonic storm event concentrations was
characterised by a December-February minimum and a May-July maximum (242.59-537.23
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mBq m-3). Average monthly radon concentrations and event lengths for all events is
presented in Appendix 6.
a)

b)

Figure 17. a) Percentiles (5th, 25th, 50th, 75th and 95th) for radon concentrations of every
event averaged for each month. b) The mean radon concentrations averaged for each month
with associated uncertainty (calculated as the stdev).
Other remote Southern Ocean Island studies report average event lengths as long as 1-2 days
(e.g., Crozet Island (Jacob et al., 1997)), significantly longer than what was commonly
represented in most events of this study. For example, the maximum mean length in this
study was in July at 18.21 hours, the minimum mean was in December at 7.56 hours and the
mean was 13.04 hours. However, other studies report storms as short as 2-6 hours long at
sites such as Amsterdam Island (Polian et al., 1986). Event length is determined primarily by
the time a synoptic weather system remains relatively immobile within a geographic location.
It appears that synoptic systems were relatively mobile overall below Australia, as the mean
event lengths do not surpass a day in length over all months. Differences between event
length in winter and summer are likely not a result of differences in synoptic system mobility,
as the amount of radon in these systems are more limited by the difference in overall
terrestrial fetch. However, radonic storm length is case dependant, i.e., each storm varies
widely from the next (examples provided in section 6.2).
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a)

b)

Figure 18. a) Length of radonic storm events grouped by month. b) Number of radonic storm
events grouped by month.

6.2.

Seasonality of Fetch Regions for Terrestrial Influence at Macquarie Island

Figure 19 demonstrates the wind speed and direction of the radonic storms. In comparison to
Figure 10 showing all data, there is a clear change in the primary wind direction during
radonic storms. Rather than demonstrating air dominating from the west (which is mostly
oceanic background conditions), Figure 19 indicates terrestrially influenced air was coming
most prominently from the north-north-west. Clearly this direction corresponds to the
location of Australia, and it is expected that the majority of the radonic storms would be
sourced from this direction (due to the prevailing south-westerly wind movement off
Australia during poleward air movement). The indicators of wind speed are also higher for
the radonic storms in Figure 19 than all data in Figure 10, however, it is likely that the wind
speeds have not increased, but rather the mean is higher (as the baseline wind rose also
contains many low-wind speed measurements, pulling the mean lower, and low wind speed
was removed).
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a)

b)

Figure 19. a) Wind rose of wind speed/direction associated with all radonic storm events. b)
20 hour back-trajectory density plot of all radonic storm events.
The seasonality of radonic storms (and their associated radon concentrations, length and
number of events) is primarily influenced by the annual seasonal change in terrestrial fetch,
defined by the seasonal movement of the ITCZ (section 3.2). This change is evident in the
back-trajectory density plots (Figure 20), where the January average had a terrestrial fetch
that was significantly smaller than the July average. In January (Figure 20a), almost no
trajectories were associated with a terrestrial origin over their most recent 5-day history,
therefore air parcels had a lower radon concentration. Conversely, in July (Figure 20b), many
air parcels had substantial contact with either Australia or New Zealand over their most
recent 5-day history, so radon concentrations in radonic storms were elevated. All monthly
density trajectories are included in Appendix 7, with January and July shown here to indicate
the maximum and minimum of the fetch regions. The results of the seasonal change in radon
concentrations due to the change in fetch region are consistent with other Southern Ocean
studies, where Jacob et al. (1997) report a seasonal high from June-August at Crozet Island,
Zahorowski et al. (2004a) report a summer (December to February) minimum and a late
spring early winter high, and Chambers et al. (2018) also find that the seasonal cycle is
characterised by a winter maximum and a summer minimum.
Shifts in the ITCZ (section 3.2), influence the majority of southern hemisphere sites similarly
(although movement over South America is less pronounced). Sites in the Indian Ocean
(Kerguelen, Crozet and Amsterdam Islands) have identical seasonality with radonic storms
originating in Africa through long-range transport (Dentener et al., 1999) as events from
Australia. The cyclonic systems present over Australia in winter (Dentener et al., 1999, Jacob
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et al., 1997), further increase transport from Australia to the Southern Ocean (Polian et al.,
1986), producing larger radonic storms at Southern Ocean sites.
a)

b)

Figure 20. Back-trajectory density plot of radonic storm events for a) January and b) July.
Generally, larger radon concentrations are associated with elevated ΔCO2 and ΔCH4 as the
influence of terrestrial sources are greater than the influence of oceanic sources and sinks. In
the southern hemisphere, and especially for Australia, concentrations in transport events are
largely dictated by natural sources and sinks rather than anthropogenic. Although
anthropogenic sources are pronounced in some regions of Australia, air parcels must mix
with a region of high industry or population, namely, Melbourne and/or Sydney, to be
observable at Macquarie Island. Consequently, for trajectories originating from Australia, the
difference between natural and anthropogenic influences cannot be easily discerned from the
radon, ΔCO2 and ΔCH4 data alone. CO2 rapidly changes throughout both the terrestrial and
oceanic environment, and CH4 also has complicated sources as ruminant animals are located
in rural environments (Wang and Bentley, 2002), similar to natural wetlands (and was further
complicated by a seemingly anomalous sink). Influences on trace gas variability are explored
in detail in section 9. Lower concentration radon events can also result from transport over
southern and western Australia; however, due to the significantly longer distance, radon was
likely to have significantly decayed/diluted upon arrival to Macquarie Island. Examples of
high radon events with relatively low and high ΔCO2 and ΔCH4 are given in Figure 21.
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a)

i)

ii)

b)

iii)

i)

ii)

iii)
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Figure 21. Examples of radonic storms with high radon concentrations and a) low ΔCO2 and
ΔCH4, and b) high ΔCO2 and ΔCH4. i) ΔCO2, ΔCH4 and radon concentrations associated
with the back-trajectory (in the top right corner), the altitude (m) corresponding to the backtrajectory is displayed in the bottom right corner. ii) Mean Sea Level Pressure (MSLP)
analysis of the meteorological conditions the day before the radonic storm was observed.
Image sourced from: (Bureau of Meteorology (BOM), 2021a). iii) Model of air movement in
the PBL of the day the radonic storm was observed. Image sourced from: (Earth NullSchool,
2021).
Figure 21a provides an example of very common meteorological conditions leading to a
radonic storm at Macquarie Island. Note in panel a.ii, a high-pressure system was situated in
the Tasman Sea, which influenced the movement of air down the eastern coast of Australia;
panel a.iii shows this southward movement. Additionally, wind speeds were slow near the
continent, accumulating radon, before the wind speed intensified and quickly moved the air
to Macquarie Island. Figure 21b, on the other hand, provides an example where high-pressure
systems dominated from off the western Australian coast across to the Tasman Sea. The
overall wind movement was overwhelmingly westerly below Australia; however, wind
speeds were slow across Tasmania, before moving southward to Macquarie Island. It is
evident that the air parcels in Figure 21b spent a long period of time over land, as
concentrations of all gases were high and it was likely air dispersed from Melbourne, as
ΔCO2 was still high, despite moving slowly over a substantial amount of vegetation in
Tasmania. Synoptic events of high-pressure over or just off Australia are most common in
winter (see Figure 3) and are also associated with the seasonal shift in the ITCZ.
An example of a low radon concentration event (peaking at 280 mBq m-3) is given in Figure
22, where ΔCO2 and ΔCH4 were also low. These low concentration events can occur when
the trajectory has come close to but not (or only minimally) intersected a terrestrial surface,
or when the event corresponds to an air parcel that has been transported from a distant
continent. The example in Figure 22 demonstrates the effect of fleeting contact. In addition to
this fleeting contact, there was a cold front present to the north of Macquarie Island. Air
interacts with cold fronts by both moving up and along the front; when moving up it mixes
with air high in the troposphere (Simmonds et al., 2012), which was low in both radon and
CH4, leading to the observed concentrations in Figure 22. Given the position of the front, it is
likely that the terrestrially influenced air was above the detector or, was a result of diluted
concentrations reaching the detector once the air descended. Radon in the Southern Ocean is
also influenced by South Africa and South America and, depending on the wind speed and
direction, can be picked up at the detector. It is not uncommon for long distance travel of this
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nature to occur as Dentener et al. (1999) report that 50% of the background radon emissions
at Kerguelen Island originated from South America (Dentener et al., 1999). Therefore, it is
not unreasonable to assume some radon events observed at Macquarie Island were
transported over long-distances (i.e., from South Africa), and are low in concentration
because of dilution and decay. On the other hand, it may also be a result of heavily diluted air
or fleeting contact from Australia or New Zealand.

a)

b)

c)

Figure 22. An example of a low radon concentration event with low ΔCO2 and low ΔCH4. b)
Image sourced from: (Bureau of Meteorology (BOM), 2021a). c) Image sourced from: (Earth
NullSchool, 2021).
Generally, back-trajectories give valuable insight to airmass movement, but beyond travel
times of 5 days in the Southern Ocean, the simulations become far less reliable due to
extensive mixing and model uncertainty. Therefore, although some trajectories do travel
further west, closer to South Africa, it is not reliable to depend on these. Figure 23b, the
density trajectory of all events, confirms that low concentration radonic storms were more
likely to be heavily diluted air from Australian regions than air masses from South Africa.
Although uncommon, it is also not impossible for radon event trajectories to come from the
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Antarctic continent (see Figure 20a and b and Figure 23b), although common for baseline
trajectories (Figure 23a). This is discussed further in section 6.3.
a)

b)

Figure 23. a) Back-trajectory density plot of all baseline values. b) Back-trajectory density
trajectory of all radonic storm events.

6.3.

New Zealand and Antarctic Radonic Storm Events

6.3.1. New Zealand Radonic Storm Events
An attempt was made to quantify radonic storms sourced from New Zealand, however, they
were rare. Back-trajectories were utilised to identify all air parcels that had either direct or
fleeting contact from New Zealand. However, many back-trajectories indicate transport from
the Tasman Sea and could be influenced by either Australia or New Zealand. The results
provided 46 events, however, this is likely an underestimation, as there is error associated
with back-trajectories. Given that New Zealand constitutes a much smaller land size than
Australia, therefore less land for air parcels to contact (unless wind speed is very slow), it is
expected that the mean radon concentration will be much lower for air transported from New
Zealand than for air transported from Australia. There will almost certainly be less terrestrial
contact experienced by a New Zealand sourced event in comparison to an Australian. Table 6
demonstrates the concentrations of all gases from New Zealand.
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Table 6. Radon concentrations and ΔCO2 and ΔCH4 associated with New Zealand influenced
events.
Winter (May-July)
Summer (December-February)
Mean

Radon (mBq m-3)
445.31
328.89
383.68

ΔCO2 (ppm)
0.38
0.69
0.54

ΔCH4 (ppb)
8.15
3.29
5.40

Figure 24 demonstrates perhaps the strongest example of a New Zealand event from this
dataset. There were few New Zealand radonic storms with radon concentrations above 300
mBq m-3. Most consisted of fleeting contact with the South Island or Tasman Sea events with
both Australian and New Zealand influence. Events from the South Island commonly had
very low ΔCO2 and ΔCH4, as a result of fleeting contact.

a)

b)

c)

Figure 24. An example of a high concentration radon event with high ΔCO2 and ΔCH4 from
New Zealand. b) Image sourced from: (Bureau of Meteorology (BOM), 2021a). c) Image
sourced from: (Earth NullSchool, 2021).
It appears that high ΔCO2 and ΔCH4 were more common when air parcels moved across the
North Island. This may be a result of the South Island generally lacking in population,
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industry and for CH4, perhaps agriculture/ruminant animals. Decreased emissions of CO2 are
supported by the study from Longinelli et al. (2013), where CO2 concentrations at New
Zealand were found to slowly decrease moving south (Longinelli et al., 2013). Further,
Longinelli et al. (2013) report that across the Tasman Sea, concentrations only saw small
increases, with most measured values being low and homogenous (Longinelli et al., 2013).
Flask samples indicated that there were increasing events of isotopically light CO2 in the
PBL, with 13C values generally lower than background values (Longinelli et al., 2013). These
values suggest contributions from causes such as upwelling of deeper water (which is
depleted in 13C), mixing processes at the subsurface, and possibly remineralisation of
decomposing planktonic organic matter (Longinelli et al., 2013). If sources of upwelling were
significantly high, it is not unreasonable to assume that this may have contributed
significantly to the overall source of CO2. This adds additional complexity to the analysis, as
the source of CO2 from upwelling should be accounted for in order to achieve an accurate
estimate of ΔCO2 and ΔCO2 fluxes from Australia and New Zealand.

6.3.2. Antarctic Radonic Storm Events
Antarctica emits radon in regions where bare rock is exposed, and often if northward
transport is sufficiently rapid, some trajectories will indicate transport to Macquarie Island
from the Antarctic coast. This is somewhat unreliable to predict, however, as radon’s
emittance through both terrestrial and oceanic ice is very low (commonly estimated lower
than ice-free oceans by a factor of 10 (Schery and Huang, 2004)). There were only 11 backtrajectories indicating an event was sourced from Antarctica, making these events by far the
rarest observed at Macquarie Island. It is likely that if data were not removed from the
southern direction, there would be more of these events present. These events were associated
with very low concentrations of all gases (statistics were not provided due to a lack of data),
with radon peaking at 250 mBq m-3 in the event shown in Figure 25. Figure 25 presents what
was likely the best example of an Antarctic event, as other trajectories of Antarctic origin
appear to have fleeting contact with either Australia or New Zealand before travelling to
Macquarie Island.
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a)

b)

c)

Figure 25. Example of a radonic storm event of Antarctic origin. b) Image sourced from:
(Bureau of Meteorology (BOM), 2021a). c) Image sourced from: (Earth NullSchool, 2021).
There is significant amount of radon in the Ross Sea area, originating from the eastern slopes
of the transantarctic mountains and/or from the dry rock zones around McMurdo Station (Mt
Erebus is also located here). Radon concentrations of 2-2.5 Bq m-3 were not uncommon in
this region, with occasional peaks of up to 4-6 Bq m-3 (this may also be due to low mixing
heights) (Chambers et al., 2018). The seasonal cycle of these radon peaks is not consistent or
pronounced, however, features an October minimum and a January maximum (Chambers et
al., 2018). It is unknown what influence these radon emissions may have had on the
Macquarie Island dataset, as these events were so rare. Trajectories leading to Antarctica can
also occur through tropospheric subsidence of radon from the jet stream over the Southern
Ocean. These air parcels then flow off the ice shelf and into the Southern Ocean, where,
depending on the regional conditions, air can be transported north or north-east, to Macquarie
Island. Examples of this transport occurring can be seen in the density plots in Appendix 7.
The seasonal cycles of radon concentrations observed at Macquarie Island and similar
subantarctic stations, are opposite to that of Antarctic stations (Polian et al., 1986, Chambers
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et al., 2018). Seasonality is dependent on the Hadley and Ferrel cells shifting, where during
summer, advection to the troposphere, followed by subsidence over the Antarctic continent,
is increased (Polian et al., 1986). The seasonal cycle at Macquarie Island is dominated by
synoptic transport in the PBL, whereas the seasonal cycle in coastal Antarctica is dominated
by local emissions and radon subsidising from the troposphere and flowing out in katabatic
air (Chambers et al., 2018). More data and further research are needed to better constrain
these transport events.
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7. CO2 IN TERRESTRIAL AIR
7.1.

Correlation Between Radon and CO2

The scatterplot in Figure 26a gives insight into the relationship between ΔCO2 and radon. It
appears that regardless of the concentration of radon, ΔCO2 do not change consistently from
0. This implies that enrichment and depletion events for ΔCO2 are equally common and that,
depending on the specific fetch region or time that the air mass passed over land, either could
dominate. In reality, there were 200 enriched and 63 depleted events, despite all deviations
being near 0 ppm. This was likely a result of mixing in transit, and complex source/sink
processes between many terrestrial and oceanic environments, as these interactions serve to
‘smooth’ CO2 reaching Macquarie Island. Figure 26b shows the binned data from the
calculated correlations of ΔCO2 with each radonic storm and supports what is shown in
Figure 26a. Figure 26c shows how the correlation of ΔCO2 with radon changes throughout
the year. It is unknown why the correlation was higher in the earlier months (through to May)
and appears higher in December, yet was lower for the period July-October/November.

a)

b)
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c)

Figure 26. a) The relationship between ΔCO2 and radon concentrations in radonic storm
events. b) Binned plot of the correlation between radon and ΔCO2. c) The correlation
between radon and ΔCO2 averaged by month during radonic storm events.
In an attempt to investigate whether depletion or enrichment events were more or less
correlated with radon, the ΔCO2 residuals were split into enrichment and depletion events.
The result of this analysis has been included in Appendix 8 and shows that both enrichment
and depletion events were normally distributed. This implies that both had similar relative
magnitude of sources versus sinks in particular areas or times of the day (however, it was still
found that enrichment events dominated, despite deviations near 0 ppm).

7.2.

CO2 Deviations from Baseline Concentrations and Flux Estimates

Figure 27 shows the monthly mean ΔCO2 accompanying radonic storms arriving at
Macquarie Island. The maximum ΔCO2 was in January at 0.46 ± 0.91 ppm and the minimum
was in September at -0.41 ± 0.46 ppm. There was a pronounced negative excursion in ΔCO2
in September, with values decreasing towards this from around March/April. There was a
significant increase in October, which coincides with an increase in radon, meaning the
increase in ΔCO2 was very likely a response to increases in terrestrially influenced air parcels
entering the Southern Ocean. The significant increases in the 95 th percentile in January,
February and March, however, is likely more indicative of increased CO2 emissions (from
either the terrestrial and/or oceanic fetch), as there is overall less terrestrial influence over
summer. Periods where ΔCO2 was depleted appear to be dominated by the increased seasonal
uptake through vegetation in the south eastern corner of Australia, as the amount of
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terrestrially influenced air parcels increases (with the exception of September). It is likely the
August-September low in ΔCO2 was influenced by both seasonal increases in vegetation
uptake and an overall decrease in terrestrial influence (see Figure 17 with Figure 27). Moving
to October, the increased heat should increase CO2 depletion, however, this depletion
abruptly ends in September. It may be expected that during the summer months the depletion
of CO2 should also be high, however, this appears to be the opposite for Australia, which was
enriched in CO2, with ΔCO2 increasing at the end of September.
Pearman and Beardsmore (1984) observed ΔCO2 in the mid troposphere around Victoria and
Tasmania while the atmosphere was homogeneously mixed. They found the ΔCO2 peaked at
0.55 ppm in October and the minimum value was reported in April at -0.68 ppm (Pearman
and Beardsmore, 1984). Relative to the troposphere, Pearman and Beardsmore (1984)
observed ΔCO2 in the PBL to be 0.5-1 ppm lower as a result of the terrestrial vegetation
actively depleting CO2. They observed that higher ΔCO2 could be expected at the surface
when respiration dominated.
a)

b)

Figure 27. a) Percentiles (5th, 25th, 50th, 75th and 95th) for ΔCO2 of every event averaged at
each month. b) The mean ΔCO2 averaged each month with associated uncertainty (calculated
with stdev).
It is evident that the seasonal cycles of ΔCO2, were a complex interaction of the prevailing
seasonal meteorological conditions and the seasonal terrestrial changes influencing CO 2. To
understand the seasonality of ΔCO2 at the south east corner of Australia, the flux of ΔCO2 is
calculated through the radon-tracer technique (which normalises the data by radon; see
section 4.5). This calculation yields the results presented in Figure 28 and Appendix 6. The
maximum ΔCO2 flux was recorded in January at 3.6 x106 ± 2.5 x106 kg CO2 km-2 y-1 and the
minimum was in September at -2.5 x106 ± 2.3 x106 kg CO2 km-2 y-1. The period of increased
concentrations in October (Figure 27) is no longer present in Figure 28. The October events,
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leading to the peak in the 95th percentile in Figure 27, must be the result of an increase in
radonic storms and not of increased CO2 emissions at Australia. Equally large concentrations
of both radon and CO2 will ‘balance out’ in the ratio used for the flux calculation, and so will
result in the removal of the peak. It is expected that concentrations were lower in October
(from increased photosynthetic uptake), so it is reasonable to assume that the applied
technique was successful. The summer (mainly January-February) high is maintained
throughout both Figure 27 and Figure 28; therefore, the increase in ΔCO2 was a result of
seasonally-increased CO2 at Australia and not a result of seasonal terrestrial influence. High
ΔCO2 fluxes in earlier months of January and February were likely present due to lower
radon concentrations with maintained or slightly increased CO2 concentrations (as there was
expectedly less radon overall in summer). The seasonality of ΔCO2 fluxes in Figure 28 was
also influenced by the assumption of a constant radon flux. There is an underestimation of
radon flux in summer, increasing the ratio between CO2/radon, and an overestimation of
radon in winter, decreasing the ratio. An increase in the ratio in summer means ΔCO2 fluxes
are calculated higher than they should be. Conversely, the decreased ratio in winter results in
ΔCO2 fluxes calculated lower than they should be. This serves to smooth the seasonality of
the ΔCO2 plot, and is also apparent in ΔCH4.
a)

b)

Figure 28. a) Percentiles (5th, 25th, 50th, 75th and 95th) of flux estimation for ΔCO2 from
baseline flux. b) Associated error of the mean flux ΔCO2 from baseline flux (uncertainty is
calculated from the stdev).
It is common that seasonal concentrations of CO2 are controlled by the amount of vegetation
of a given region (Biraud et al., 2000). As the terrestrial fetch includes many agricultural
areas, these regions were likely most productive (consuming most CO2) in July through
September; by October crops would be reaching their full height and then beginning to
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senesce. Also, as soil temperatures rise (from October), the daily net CO2 will change,
because soil and plant respiration will increase. Vegetation senesces under increasing heat
and a lack of water, where the plants retract the chlorophyll from their leaves,
decreasing/removing the photosynthetic capacity of the plant. As discussed further in section
9.2, ecosystem respiration dominates photosynthetic uptake in the summer periods, and so
was likely the cause of the summer highs observed in this study (Renchon et al., 2018). It is
also possible that bushfires and widespread droughts during the Australian summers has
skewed ΔCO2 (further discussed in section 9.2).
In contrast to European sites, such as Mace Head, at ΔCO2 13.2 ± 1 ppm (Biraud et al., 2000),
Macquarie Island experiences relatively low ΔCO2. It is expected that southern hemispheric
values will be lower than northern hemisphere values. Similarly, concentrations in the
Southern Ocean will be lower than values estimated at continental sites. The seasonal cycle in
the southern hemisphere is less pronounced than the northern hemisphere, as there is less icefree land, population and industry in the southern hemisphere to drive changes. During the
European summer Biraud et al. (2000) report that CO2 seasonality is extreme, with winter
estimates 20% higher than summer. This is a result of decreased photosynthesis in the winter,
and increases in fossil fuel use, as there is a greater stress on household heating (Biraud et al.,
2000). This relationship does not appear influential in Australia (the majority of which does
not seasonally experience extreme cold temperatures) as ΔCO2 flux at Macquarie Island peak
in summer. In Europe, the USA and northern Asia there is lower plant productivity which
lowers CO2 uptake over the winter periods. In these regions, winters are too cold for plants to
grow, whereas in Australia, it is generally too hot and dry for significant growth in the
summer. Schmidt et al. (1996) report that the seasonal cycle in Europe is large with a 16 ppm
peak amplitude, with a maximum in winter (Schmidt et al., 1996). In the summer months,
values are often negative, due to large-scale CO2 uptake from local and regional vegetation in
Europe (Schmidt et al., 1996). The Australian environment is unusual compared with other
continents. Most regional concentrations throughout the USA, and Europe are temperature
dependent towards emissions of CO2. Australia, on the other hand, appears to be primarily
precipitation dependent, is less anthropogenically influenced seasonally and appears
dominated by natural influences.
It is important to understand that fluxes estimated in this study demonstrate the net sum of
ΔCO2 flux, and it is not possible (at Macquarie Island) to determine the individual emissions
or uptake of CO2. Hence, the seasonality of photosynthesis complicates the ability of the
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model to accurately determine CO2 emissions. This result is reported from multiple sources
(e.g., (Zahorowski et al., 2004b, Biraud et al., 2000)), where during months where
photosynthesis is increased it is difficult to accurately investigate fluxes. At Australia, and
over the Southern Ocean, conditions are almost always depleting (Renchon et al., 2018).
Variability in depletion is also dependant on the regions of Australia the air parcel passes
over and the time of day at Australia. Dilution (that occurs in transit from Australia to
Macquarie Island) was mostly accounted for in the flux calculation. Radon and the
greenhouse gases were both subjected to the same mixing and dilution, so normalising
removes dilution. The decay of radon must be accounted for in the model; however, as this
decay and seasonal differences in radon are assumed constant, there is error associated with
the calculation. Table 7 shows the predicted mean ΔCO2 flux from Australia, where the mean
from this study is evidently not accurate due to the significant overall uptake throughout
many months.
Despite the overall influence from transport of air parcels from Australia to Macquarie Island,
Renchon et al. (2018) obtained similar results of seasonality in the Cumberland Plain (50 km
west of Sydney). The net uptake was always higher in the cool winter months of JuneAugust, and overall a net loss was reported during the summer months (Renchon et al.,
2018). Renchon et al. (2018) concluded that this effect was due to an overall higher
ecosystem respiration during the summer months, which dominated regardless of an increase
in photosynthetic uptake (Renchon et al., 2018). Renchon et al. (2018) report the values for
winter and summer as -146 ± 22 (stdev) g C m-2 y-1 and 44 ± 43 g C m-2 y-1 respectively. The
Cumberland Plain was always a sink in winter and summer was close to neutral or was a
source.
Table 7. Comparison of annual mean ΔCO2 fluxes from the Australian continent.
kg CO2 km-2 y-1
Energy
Industrial Processes
Agriculture
Land Use/Forestry
Waste
Total

3.7 x10
2.1 x104
2.2 x103
2.0 x104
29
4.1 x105

Total

-5.9 x104

5

Reference and Notes
(Department of Industry/Science/Energy and
Resources, 2021)
Multi-year mean for 2000-2019 over Australia.
Total has been decreasing (2019: 373869.9). Land
use is inaccurate and should be disregarded
(values become negative, 2019: -42693.7).
This study (multi-year mean for 2013-2019).
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8. CH4 IN TERRESTRIAL AIR
8.1.

Correlation Between Radon and CH4

The scatter plot in Figure 29a indicates that as the concentration of radon increased, so did
ΔCH4. This is confirmed in Figure 29b, which also indicates a strong positive correlation
between radon and ΔCH4. CH4 does not have any strong sources over the ocean, so it is
expected that almost all enhancements will be associated with a terrestrial origin. CH4 and
radon also both have negligible sinks over oceanic regions (Thom et al., 1993) and both have
sink mechanisms that are slow. The predominant CH4 sink by OH oxidation can be largely
ignored when working with timescales as short as days (Schmidt et al., 1996). Due to their
similarities in emissions, sinks, and transport, it can be expected that the correlation will be
highly positive. In Figure 29c, the correlation between ΔCH4 and radon was positive over
every month. Similar to ΔCO2, the correlation was highest in winter months and lowest again
in August, although the reason for this is unknown.

a)

b)
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c)

Figure 29. a) The relationship between ΔCH4 and radon concentration. b) Correlation
between ΔCH4 and radon concentrations in events observed. c) The correlation between
radon and ΔCH4 averaged by month.

8.2.

CH4 Deviations from Baseline Concentrations and Flux Estimates

Figure 30 demonstrates the monthly average ΔCH4 associated with radonic storms. The mean
ΔCH4 was greatest in May at 7.4 ± 5.2 ppb and lowest in December at 1.4 ± 1.2 ppb. For the
purpose of calculating these values the anomalies over the 2017/2018 summer were removed,
as it skewed some summer months into the negative values (note December in Figure 30).
Unlike ΔCO2, ΔCH4 had low deviations in summer months over Australia, which is expected
given that CH4 emissions are largely water constrained, and summer periods in the south east
of Australia are particularly dry. It is also expected that the seasonal cycle of CH4 emissions
from Australia peak in winter due to increases in moisture content. Although wetlands are
generally the greatest influence on continental emissions, they are not overly abundant in
Australia; rather, emissions are largely dominated by ruminant animals in Victoria and the
eastern coast of NSW (Wang and Bentley, 2002). As discussed in section 9.3, ruminant
animals produce more CH4 in winter due to a general increase in food consumption. Also,
during autumn the increase in decaying organic material may also increase the flux of CH4
from the south eastern corner. The seasonal cycle shown in Figure 30, demonstrates the
influence of both the seasonal increase in terrestrial influence and the seasonal variations in
ΔCH4 emissions from Australia. Unlike for ΔCO2, however, ΔCH4 were largest when radonic
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storms were most common, leading to an overall larger seasonal cycle. This is supported by
Figure 31, which demonstrates the radon-normalised ΔCH4 flux estimates.
a)

b)

Figure 30. a) Percentiles (5th, 25th, 50th, 75th and 95th) for ΔCH4 of every event averaged each
month. b) The mean ΔCH4 averaged each month with associated uncertainty (calculated with
stdev).
a)

b)

Figure 31. a) Percentiles (5th, 25th, 50th, 75th and 95th) for ΔCH4 flux from baseline flux. b)
Associated error of the mean ΔCH4 flux from baseline flux (uncertainty is calculated from the
stdev).
The correlation between ΔCH4 and radon was always positive and was above 0.5 for all but
one month, so approximating fluxes from Australian, based on radon, results in a reasonable
estimate, agreeing well with other studies and estimates (see Table 8). The annual maximum
was recorded in March at 9.4 x103 ± 4.5 x103 kg CH4 km-2 y-1 and the minimum was in
January at 2.1 x103 ± 5.4 x103 kg CH4 km-2 y-1 (with the anomalies removed) (see Figure 31
and Appendix 6). CH4 does not have a fast-acting sink mechanism, so the net flux of CH4 is
expected to be similar to the gross emissions. Again, dilution during transit is mostly
accounted for by the radon normalisation. Similar to ΔCH4 (Figure 30), ΔCH4 fluxes (Figure
31) increased through autumn, decreasing slowly through the winter towards a summer low.
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Similar to the ΔCO2 flux seasonality, the large peaks are missing in October, and a
subsequent large peak is reduced in May. Interestingly, ΔCH4 flux in the 95th percentile peaks
in February. It could not be concluded what seasonal influence may have induced this, and it
may have been a result of fires (which is supported by ΔCO2 peaking in February). ΔCH4
flux should otherwise be at an all-time low in summer months due to water constraints,
therefore, less natural food for grazing ruminant animals (as will be further discussed in
section 9.3). The underestimation of radon flux in summer for ΔCH4 increases the ratio in the
flux calculation, and the overestimation in winter decreases the ratio. This serves to decrease
the overall seasonality in Figure 31; in reality, the seasonality would be more pronounced.
In Europe the CH4 maximum concentration and flux are also found in the winter/autumn
period; however, this is dominated by fossil fuel use (Thom et al., 1993). European ΔCH4 are
expectedly much higher than recorded in this study, at 69.5 ± 11.4 ppb (Biraud et al., 2000).
Biraud et al. (2000) also report a maximum near midwinter and a minimum in July. In
general, ΔCH4 are almost always positive, however, this is especially the case for European
sites (Biraud et al., 2000).
ΔCH4 flux values estimated in this report are more reasonable than those shown previously
for ΔCO2 fluxes; however, they are larger than found in other studies (see Table 8). Wang and
Bentley (2002) estimated ΔCH4 fluxes from Australia at Cape Grim. They found that ΔCH4
fluxes could reach 4000 kg CH4 km-2 y-1 for relatively high fluxes located where ruminant
animals are farmed and 9000 kg CH4 km-2 y-1 for densely populated regions including Sydney
and Melbourne (Wang and Bentley, 2002). Soil uptake was the only significant sink on
Australia and was estimated to be 939 kg CH4 km-2 y-1 (Wang and Bentley, 2002).
Table 8. Comparison of annual mean ΔCH4 fluxes from the Australian continent.
CH4 (kg CH4 km-2 y-1)
Energy
Industrial Processes
Agriculture
Land Use/Forestry
Waste
Total
Total

1.3 x10
3.3
2.4 x103
6.7 x102
5.4 x102
4.9 x103
4.9 x103

Total

5.8 x103

3

Reference and Notes
(Department of Industry/Science/Energy and
Resources, 2021)
Multi-year mean of 2000-2019. Total has been
decreasing (2019: 4483.21).

(Wang and Bentley, 2002)
Annual mean for 1997.
This study (Multi-year mean of 2013-2019).
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9. VARIABILITY IN GREENHOUSE GAS CONCENTRATIONS
AND FLUXES
9.1.

Origins of CO2 and CH4 Enrichment and Depletion

9.1.1. CO2 Enrichment and Depletion
Back-trajectories were utilised to investigate the sources of ΔCO2 enriched and depleted
radonic storm events travelling to Macquarie Island. Many events had mean ΔCO2 close to
baseline concentrations as sources and sinks of CO2 vary rapidly with time and location
(Schmidt et al., 1996). Although natural variability dominates (and is the reason deviations
from baseline were small), there is still significant emissions from areas of major cities and
industry. Although most events were only weakly enhanced in ΔCO2, a counterexample of a
strongly enhanced ΔCO2 event is shown in Figure 32, where the event contains high
concentrations/deviations of all measured gases. As the trajectory shows, and the
meteorological conditions indicate, the high-pressure system in the Tasman Sea was
transporting air parcels slowly across the eastern coastline before the wind intensified and
quickly moved southward to Macquarie Island. It is likely in this example that the
anthropogenic emissions from Sydney dispersed along the coastline, where air parcels picked
up these gases in transit. It is likely that CO2 retained a much higher concentration in
comparison to average enriched events, as there appears to have been little interaction with
terrestrial vegetation.
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a)

b)

c)

Figure 32. An example of a high concentration radonic storm event with high ΔCO2 and
ΔCH4. b) Image sourced from: (Bureau of Meteorology (BOM), 2021a). c) Image sourced
from: (Earth NullSchool, 2021).
Figure 33 demonstrates where typical ΔCO2 depletion events originated from. During such
events, air parcels travel through regions where there are significant amounts of vegetation.
For the event in Figure 33, air moved through the eastern Australian coast, before being
brought through the south eastern corner, which is abundant in terrestrial vegetation,
significantly depleting CO2. Contrastingly, ΔCH4 were high in this example, and was likely a
result of movement through Sydney/Melbourne, wetlands, and agricultural farmland regions.
Air in Figure 33 moved through both Tasmania and south eastern Australia, which are
heavily forested areas where photosynthesis will be increased from the increased
precipitation during the winter months. Despite going through both Sydney and Melbourne,
air parcels were heavily depleted of CO2, which further supports the idea that natural
influences will generally dominate emissions in Australia. These ΔCO2 depletion events were
very common when trajectories indicate that an air parcel has spent a significant period of
time over Australia, and in particular in the south eastern corner of Australia. Depletion also
appears to occur from the South Island of New Zealand, as this region is both highly
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vegetated and has little industry or large populated cities. Lower ΔCO2 were also common
from regions of Australia and New Zealand that simply are not heavily populated, a relatively
common example being regions above the Great Australian Bight including South Australia
and southern regions of West Australia.

a)

b)

c)

Figure 33. An example of a high concentration radonic storm event with high ΔCH4 and low,
or depleted, ΔCO2. b) Image sourced from: (Bureau of Meteorology (BOM), 2021a). c)
Image sourced from: (Earth NullSchool, 2021).

9.1.2. CH4 Enrichment and Depletion
As there is a distinguishable difference between regions of ΔCH4 depletion and enrichment,
density plots of back-trajectories can be utilised to investigate source regions of ΔCH4
enrichment and depletion. ΔCO2 density plots are relatively indistinguishable, as sources and
sinks occur in similar regions and generally occur at similar times. Density plots of ΔCO2
have been included in Appendix 9 for comparison. Increases in CH4, in Australia, are
generally through agricultural practices and wetlands (although wetlands less prominently).
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The trajectory in Figure 32 may demonstrate these increases in CH4, as in June, winter will
have increased moisture, possibly increasing the overall CH4 source strength (will be
discussed further in section 9.3).
Figure 34a shows the density plot of ΔCH4-enriched radonic storm trajectories. Most
trajectories indicate travel from the south east corner of Australia and little travel from New
Zealand. It is apparent that most air parcels travelled across Tasmania to reach Macquarie
Island, so it can be inferred that Tasmania may have increased ΔCH4 in air parcels and was
likely not a source of ΔCH4 depletion. The ΔCH4 depletion density plot is Figure 34b and it is
very apparent that depletion events were not occurring directly in the terrestrial environment.
Although some trajectories travel through Tasmania, it is clear that depletion was occurring
in the Southern Ocean, close below the Great Australian Bight, or in the Tasman Sea.
a)

b)

Figure 34. Density plot of radonic storm event back-trajectories where ΔCH4 were found a)
higher than 0 ppb (enriched) and b) lower than 0 ppb (depleted).
Figure 22 demonstrates a ΔCH4 depletion event, as does Figure 35. These are very
uncommon events throughout the analysis (only 16 compared to 136 ΔCH4 enrichment
events). They were generally associated with low ΔCO2, however, include a definite,
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relatively large, sink of CH4, which is very uncommon on a short timescale. Generally, the
radon concentrations were relatively low during these events, as they were mostly oceanic
based or indicate only fleeting contact with land. These events were particularly interesting
and will be discussed further in section 9.3.

a)

b)

c)

Figure 35. An example of a ΔCH4 depletion event. Generally, these are also associated with
low radon concentrations and low ΔCO2. b) Image sourced from: (Bureau of Meteorology
(BOM), 2021a). c) Image sourced from: (Earth NullSchool, 2021).

9.2.

Influences Controlling Variability in CO2 Concentrations

9.2.1. Vegetation/Precipitation
Precipitation (see Figure 36) is one of the best indicators of vegetation production, and
therefore the continental sinks of CO2. (Yin et al., 2018). Yin et al. (2018) indicated that
precipitation in Australia has a significant effect on vegetation especially during La Niña
conditions, resulting in a much higher continental CO2 uptake (Yin et al., 2018). The opposite
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is true for El Niño events (associated with the eastern two-thirds of Australia), where the
subsequent low rainfall and dry conditions limit plant growth and CO2 uptake, especially in
spring (Yin et al., 2018). The potential influence of ENSO could not be determined in this
study, as the only major El Niño period was experienced in 2016, where CH4 was not yet
recorded, and CO2 data were missing. All events presented in this study were observed under
mostly neutral conditions, with a few in La Niña conditions, which may have contributed to
CO2 deviations generally centred around 0 ppm and the mean flux reported as a negative
value (as other studies present positive mean flux values for Australia). Overall, La Niña
conditions may also have influenced CH4 emissions, however, this again could not be
determined. Further measurements would be required to determine the influences of ENSO
on the Macquarie Island dataset.
a)

b)

c)

d)

Figure 36. Mean precipitation for Australia in a) autumn b) winter c) summer e) spring.
Images reproduced from: (Bureau of Meteorology (BOM), 2021b).
Central Australia is sparsely vegetated by shrubland and often completely barren in some
areas which are weak CO2 sinks, similar in uptake to deserts (Yin et al., 2018). Conversely,
the uptake from forests and semi-arid regions is intense (Renchon et al., 2018). Because of
this, CO2 concentrations are lower in air masses originating from the southern coastal region,
in comparison to the northern, with concentrations lowest in Tasmania (Yin et al., 2018).
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Vegetation expands in the winter months, begins to contract in early spring and is greatest in
the south eastern corner of Australia (see Figure 37). The south east corner experiences the
greatest variability in vegetation cover as it is largely bushland/forested, and receives large
amounts of precipitation seasonally. Although the northern region does receive higher rainfall
in the summer, most of this area is sparsely populated with shrubs and eucalypts, so does not
uptake CO2 as intensely. The northern region likely will not contribute to the concentrations
viewed at Macquarie Island, as air parcels undergo significant changes in the south east
corner before leaving Australia.
Although most Australian vegetation is evergreen, leaf area influences CO2 uptake, and
changes seasonally. Young and old leaves are significantly less impactful in comparison to
mature leaves (Renchon et al., 2018). During periods of ‘leaf flush’(where young leaves are
predominant) and senescence, uptake is decreased as photosynthesis is reduced (Renchon et
al., 2018). Importantly, senescence can be induced by drought, and leaf flush occurs in
summer (with leaf area peaking in February) (Renchon et al., 2018). Despite this, uptake in
eucalypt forests in south east Australia is greatest in the summer months, although it is a sink
year-round (Renchon et al., 2018). Respiration of this vegetation is a significant source of
CO2. Although the net movement of ΔCO2 is almost always depleting, during some
conditions respiration is extreme and photosynthesis can be limited, resulting in an overall
increase in ΔCO2. This ecosystem respiration dominates relative to photosynthesis in the
Australian summers (more than double the general primary productivity), and is largely what
influenced the summer highs in ΔCO2 described in section 7 of this study (Renchon et al.,
2018).

a)

b)

Figure 37. Vegetation cover in 2021 for a) January and b) July. Images sourced from:
(GEOGLAM RAPP, 2021).
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9.2.2. Phytoplankton and Ocean influences
There is a belt of CO2 depletion located between 20-50° S latitude, which is attributed to
strong phytoplanktonic blooms in the spring-summer (Takahashi et al., 2009). Chlorophyll in
the Southern Ocean from phytoplankton and cyanobacteria has a large seasonal cycle, with a
distinct spring bloom close to Antarctica that increases chlorophyll over the austral summer
(see Figure 38) (Sokolov, 2008, Takahashi et al., 2009). This bloom increases concentrations
of chlorophyll over the Southern Ocean region below Australia, however, chlorophyll is less
concentrated than what is seen near the continents (Sokolov, 2008). This seasonal variance
can attribute as much as 60 ppm of the variance in CO2 and is the result of deep water mixing
in winter and photosynthesis from phytoplankton blooms in the summer (Takahashi et al.,
2009). The influence phytoplankton may have on the Macquarie Island dataset could not be
discerned in this study; however, as phytoplankton are considered to have a large depleting
effect, the interactions could be:
1. Little influence: this is supported by summer highs, where if a phytoplanktonic sink
was dominant, summer concentrations would be depleted.
2. Strong influence: it is possible, given Macquarie Islands’ location, that CO2
concentrations may have been significantly higher leaving Australia, and these
extremes were not present in the dataset as they have been depleted through
phytoplankton uptake during transit. This is supported by the overall negative ΔCO2
flux calculation in this study.
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a)

b)

Figure 38. a) The maximum chlorophyll concentration in the Southern Ocean, and b) the
mean. The left of the plot is the region of the Southern Ocean near Antarctica (60° S) and the
right side is near Australia (45° S) (Sokolov, 2008). The scale on the right is chlorophyll
concentrations in mg m-3. sAACf is the Southern Antarctic Circumpolar Current Front. PF is
the Polar Front. SAF is the Subantarctic Front, and SAZ is the Subantarctic Zone. SSH is sea
surface height (m). Image reproduced from: (Sokolov, 2008).
CO2 concentration in bodies of water is influenced by both temperature and salinity
(Takahashi et al., 2009). As discussed in section 2, more CO2 is absorbed by cooler waters.
Wind speed can determine the overall cooling of the ocean’s surface (roughly up to 5 m
depth). During low wind speed conditions, the upper layer of the surface warms through solar
radiation and will ‘emit’ CO2. (Takahashi et al., 2009). However, during conditions of
significantly high wind speed (greater than 6 m s-1) the ocean’s surface temperature is more
regulated due to turbulent mixing in the upper ocean layers, meaning the surface can be
significantly cooler than the bulk column (Takahashi et al., 2009). This effect leads to an
overall absorbance of CO2 into the water column, as the surface layer concentrations are
lowered by as much as 1% in comparison to the bulk, which increases the overall absorbance
by as much as 30% (Takahashi et al., 2009).
Takahashi et al. (2009) observed that there was a positive peak of net carbon flux in July to
October within the seasonal ice zone of the Southern Ocean, which represents a water layer
enriched in CO2 and nutrients from vertical upwelling of deeper waters (see Figure 39)
(Takahashi et al., 2009). However, in latitudes around the south of Australia, overall, there is
an uptake of CO2 in August, and this uptake belt thins and shifts south by February. It is
likely that the year-round uptake in CO2 below Australia has led to the significant smoothing
of the ΔCO2 in this study. It is likely that this uptake belt may have also led to the mean
negative flux estimate given in this study.
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a)

b)

Figure 39. Global oceanic ΔCO2 fluxes as estimated by a model from Takahashi et al. (2009).
a) February conditions and b) August conditions. Positive values indicate sea-to-air fluxes
and negative values are air-to-sea fluxes. In the Southern Ocean, due to increased wind
speeds in the westerly belt, there is an overall sink of CO2 year-round, and an increased sink
in August (Takahashi et al., 2009). Image reproduced from: (Takahashi et al., 2009).

9.2.3. Bushfires
Bushfires release a large quantity of both CH4 and CO2 (Paton-Walsh et al., 2014). In
Australia, the average gross emission from fires is 127 Tg C y-1; however, regrowth after fires
offsets most CO2 emissions (the net sum of emissions from bushfires is 26 Tg C y-1) (PatonWalsh et al., 2014). On the other hand, CH4 emissions from fires are always a source
(Russell-Smith et al., 2007). It is known that fire seasonality, vegetation type and fuel
moisture are key factors in determining fire incidence and therefore, fire impacts on carbon
gas emissions (Volkova et al., 2019, Paton-Walsh et al., 2014).
Although land use was the highest source of fires, these were controlled fires for backburning
purposes or managing the growth of woody plants (Russell-Smith et al., 2007). Climate is the
most influential variable to bushfires. Rainfall influences rates of plant growth and
senescence of plants, and physical conditions promoting or debilitating fire (Russell-Smith et
al., 2007). Vegetation type influences fuel quantity and flammability, with eucalypt forests
and grasses being most flammable and rainforests being the least (Russell-Smith et al., 2007).
The south eastern corner and east coast is the most modified region in Australia with
agricultural land (30%), woodland fuels (27%) grassland fuels (22%) and forest fuels (19%)
(Russell-Smith et al., 2007). Periods of extreme fire danger risk are predicted to increase with
climate change predictions, due to higher temperatures (Russell-Smith et al., 2007).
Figure 40 describes how the risk of fires changes in summer and winter months. It is
expected that summer is more at risk, as this is when conditions are both drier and hotter, and
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there is increased fuel build up from an increase in vegetation from winter/spring and litter
production peaks in summer (Renchon et al., 2018). If CO2 uptake conditions were relatively
low, it is reasonable to assume that fluxes from fires may have led to some of the larger
observed peaks in the upper percentiles (of the summer period) of the deviations and flux
estimate plots from Macquarie Island. Much of the pollution from these events in the south
east corner of Australia is present in the Southern Ocean through poleward transport. The
major peak in the 95th percentiles of ΔCH4 flux estimation may be an example of bushfires
influencing the dataset. Although this cannot be confirmed, it would make sense that the peak
in February was similar for both CO2 and CH4, if bushfires were responsible; further, the
peaks absent for ΔCO2 in the later months may be due to regrowth (which would be slower in
the summer months).
a)

b)

Figure 40. Forest Fire Danger Index for Australia in a) January and b) July. Images
reproduced from: (Bureau of Meteorology (BOM), 2021d).

9.3.

Influences Controlling Variability in CH4 Concentrations

9.3.1. Ruminant Animals
The influence of agricultural practices especially over the interior of Victoria is the largest
contributor to CH4 emissions over the observation period. Wang and Bentley (2002) found
that CH4 emissions from livestock were found to be the largest source and were dependent on
the type of animal, feed intake, weight of the animals, growth rate, region and season. There
is a large number of ruminant animals over the entire eastern coast of Australia which
significantly contribute to these emissions. The total numbers of cattle and sheep, the most
abundantly farmed animals in the south east corner of Australia, are summarised in Table 9.
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Table 9. Summary of total cattle and sheep from New South Wales, Victoria and Tasmania
(Meat & Livestock Australia (MLA), 2020a, Meat & Livestock Australia (MLA), 2020b).
DMI is dry matter intake.
New South Wales
Victoria
Tasmania
Total
Emissions

Cattle
4,046,057
3,603,194
662,088
8,311,339
7-13 g CH4 kg DMI-1
(Dumortier et al., 2017)

Sheep
22,399,236
13,948,271
2,352,274
38,699,781
20.8-23.5 g CH4 kg DMI-1
(Goopy et al., 2014)

The values in Table 9 are also dependent on the local emissions and/or uptake from local
soils, where high moisture increases CH4 emissions and dry conditions increases uptake
(Dumortier et al., 2017). CH4 emissions, and their distribution, are further influenced by the
majority of the human population living within the south east region of Australia (Wang and
Bentley, 2002). Increases in the winter and spring period likely reflect the increase in food
availability for livestock (Wang and Bentley, 2002), with the opposite being true for the
summer periods. Influences from the northern tropical regions of Australia, likely had little
influence on the hourly variation of surface concentrations in the southern regions of
Australia. Wang and Bentley (2002) estimated CH4 fluxes from Cape Grim and determined
the dependence of livestock on CH4 flux. The total anthropogenic CH4 emissions, which
include emissions from livestock animals, accounted for 85% of the total CH4 emissions seen
at Cape Grim (Wang and Bentley, 2002). Figure 41 demonstrates the regions of various land
uses in Australia. The most notable variables are:
-

grazing modified pastures, where the majority of livestock is present

-

irrigated pastures and irrigated cropping, which contain waterlogged soils

-

dryland cropping, where CH4 is likely depleted, however this cannot be discerned

-

urban intensive areas

It is very likely that emissions from ruminant animals over the south eastern corner of
Australia were the dominant contributor to CH4 concentrations entering the Southern Ocean.
It is also very likely that peaks in available food, and emissions from heavily populated
regions, were the dominant factors leading to the seasonal increases in ΔCH4 and ΔCH4 flux
estimates in this study.
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Figure 41. Map of land use across the Australian continent. Large proportions of the eastern
regions of Australia are cropland and grazing areas for animals. Image reproduced from:
(ABARES, 2016).

9.3.2. Hypothesised Mechanisms of CH4 Depletion
As the destruction of CH4 via hydroxylation is a slow process, a faster-acting sink is required
to explain the observed ΔCH4 depletion events in this study. There were a few hypotheses
investigated for this depletion mechanism (1,3,4 - proposed by (Loh et al., 2016)), which
included:
1. Air injection/mixing from the upper troposphere/lower stratosphere. The upper
troposphere is low in CH4, so would account for the sudden drop in concentration.
There was a lack of evidence to support this for all cases; however, an example
consistent with tropospheric injection can be seen in Figure 22.
2. A chemical pollution incident, where a major spill of halogenated chemicals would
destroy CH4. This depletion was likely not pollution related, as most trajectories did
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not pass over any large population or industry and there were also no major pollution
events reported that could be linked to these events.
3. Long range transport around the Southern Ocean (was not investigated in this study
due to time constraints and the uncertainty of back-trajectories).
4. Halogenation from the Cl radical from sea spray (this is discussed further below).
5. Terrestrial depletion of CH4 with minimal dispersion offshore (this is discussed
further below).
Hossaini et al. (2016) modelled the percent of CH4 oxidation from Cl and show that there is a
significant amount of Cl-driven CH4 oxidation, roughly 10-20%, occurring in the Southern
Ocean PBL (Figure 42a) (Hossaini et al., 2016).
a)

b)

Figure 42. Global CH4 oxidation from chlorine in a) the planetary boundary layer and b) the
troposphere. Images a) and b) reproduced from (Hossaini et al., 2016).
Cl sink mechanisms to CH4 are poorly constrained as Cl concentrations are difficult to
quantify; however, it is accepted that Cl radicals are highly reactive towards hydrocarbons
(Hossaini et al., 2016). Gromov et al. (2018) estimate that the mean Southern Hemisphere
sink of CH4 from Cl oxidation is 2.5 x1010 kg CH4 y-1 (Gromov et al., 2018, Allan et al.,
2007). In comparison, the OH radical sink is estimated to be 4.88 x1011 kg CH4 y-1 (Allan et
al., 2007).
Cl can come from the oxidation of chlorocarbons, originating from both natural and
anthropogenic sources (Hossaini et al., 2016). Despite anthropogenic sources generally being
more influential (sourced from coal combustion, incineration and biomass burning (Hossaini
et al., 2016, Strode et al., 2020)), it is sea-salt aerosols that are of particular interest in the
Southern Ocean, as ΔCH4 depletion events are associated with an oceanic origin/transport.
The sea-salt source of Cl, prominent in the MBL, is produced by photolysis of Cl2 forming
the Cl radical (Allan et al., 2007), where annual mean concentrations of Cl are higher in the
southern hemisphere than the northern hemisphere, due to a larger area of ocean (Hossaini et
al., 2016, Strode et al., 2020).
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As a consequence of increased wave height (from increased wind speeds in the Southern
Ocean (Derkani et al., 2021, Rhein et al., 2013)), Cl oxidation is high (Hossaini et al., 2016).
Despite this, the seasonality of free Cl radicals is dependant on the photolysis rate, controlled
through light availability (Allan et al., 2007); therefore, Cl concentrations are more abundant
in austral summer months in comparison to austral winter months. Consequently, the summer
period over 2017-2018 when the CH4 depletion anomalies were most common, may have
been a result of a prolonged period of significantly increased wave height. This period may
also be indicative of increased solar irradiance, which increases photolysis (this could be a
result of factors such as reduced cloud cover, etc.,), however, due to the time constraints of
this study, there was insufficient time to investigate this. Figure 43a and b show the average
wave height for summer and winter (from 2013-2019 reanalysis data, see section 4.4)
respectively, and panel c shows the difference between the two. These results are consistent
with a study by Derkani et al. (2021) reporting in summer a median value of ~4 m, and 90th
percentile values of ~5 m for the zonal wind belt wave height (Derkani et al., 2021). A region
to the east of Africa has a large difference in wave height between the seasons, and it is
possible that this region is a driving factor for increased Cl in the Southern Ocean. Figure 43d
and Appendix 11 present the conditions leading to the largest CH4 depletion events. Although
this particular day did not record significant wave heights, earlier conditions show increased
wave intensity, with a particularly large increase around Macquarie Island. This is important
because of the transit time to Macquarie Island, where the depletion could have occurred
earlier or over a prolonged period of time.
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a)

b)

c)

d)

Figure 43. Average wave height of a) austral summer months, b) austral winter months. c)
Difference between the summer and winter means. d) Specific conditions during the largest
CH4 depletion event. Swh is the significant height of combined wind waves and swell (m).
Data obtained from: (Hersbach et al., 2018).
The importance of Cl as a CH4 sink is heavily debated in the literature, with the new 2021
IPCC report citing Saunois et al. (2020) that it is “awaiting further work to better assess the
magnitude of the chlorine sink in the methane budget” (Saunois et al., 2020, Canadell et al.,
2021).
Figure 44 demonstrates the density back-trajectories associated with very low ΔCH4
depletion event anomalies (-3 ppb below baseline). Although this plot indicates that there was
virtually no contact with land, it was found that heavily ΔCH4 depleted air masses commonly
had roughly 100-250 mBq m-3 of radon. Radon of this concentration is generally indicative of
fleeting contact, or transport from distant continents. Therefore, it is not unreasonable to
hypothesise that the depletion of CH4 is terrestrially sourced. This terrestrial marker was
likely a result of gases dispersing slowly off the Great Australian Bight that then mix with air
parcels in transit to Macquarie Island. Back-trajectories may not indicate this mechanism, as
there is large uncertainty associated with increasing the time of a back calculation. It is likely
that the primary wind direction (the overwhelming westerly movement) has swamped the
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slow dispersion of gases off Australia. The region of land above the Great Australian Bight,
as Figure 41 demonstrates, has almost no land use as irrigated cropland or agricultural
pasture, and the region is exceedingly dry, so CH4 concentrations would likely be very low to
begin with (i.e., CH4 uptake is associated with dry soils). Some ΔCH4 depletion events must,
at the very least, have some fleeting terrestrial contact, or air from distant continents,
otherwise radon concentrations would be closer to oceanic background values. The backtrajectories and meteorological conditions of the largest anomalies can be seen in Appendix
10.

Figure 44. Back-trajectory density for residuals of low CH4 depletion (CH4 residuals -3
below the baseline). Trajectory is run backwards in time for 10 days.
The Cape Grim dataset was consulted in this study to verify that the CH4 depletion events
viewed at Macquarie Island over the 2017/2018 summer were not a result of analytical error.
For the Cape Grim dataset, baseline air was defined by radon concentrations < 100 mBq m-3.
Greenhouse gas values associated with this range of radon values were selected and used to
calculate the monthly median, before the data was resampled to hourly resolution and
interpolated with a 3rd-order polynomial fit. Finally, the baseline was subtracted to determine
the residuals. High concentration events could be sourced through additional criteria;
however, this was unnecessary for this study.
Peak CH4 measured at Cape Grim was much larger than seen at Macquarie Island, due to the
close proximity to Australia. CH4 peaked at around 80 ppb above baseline, compared to a
maximum of about 15 ppb above baseline at Macquarie Island.

87

Figure 45. a) Macquarie Island CH4 residuals, b) Cape Grim CH4 residuals (y-axis limited to
15 ppb for same axis comparison to Macquarie Island data). Plots are confined from October
2017 to February 2018.
As the Cape Grim data verifies (see Figure 45), there was significant CH4 depletion around
the 14th-15th December 2017. This same negative excursion was seen at Macquarie Island
both in Figure 45 and on the 14th of December 2017 (see Appendix 10). Therefore, it is
reasonable to assume that the depletion in CH4 in the Macquarie Island dataset is not a result
of error. It also appears that the CH4 residuals were lower in the Macquarie Island plot than
the Cape Grim plot. This suggests that, if CH4 oxidation to a Cl sink is predominant in the
Southern Ocean, that CH4 depletion may have occurred between the time/distance between
Cape Grim and Macquarie Island. Further, Loh et al. (2016) also observed these CH4
depletion events at Cape Grim. The CH4 depletion events at Cape Grim appeared with higher
frequency and intensity over the summer months, however, also appeared over the winter
months, which was not common at Macquarie Island. Loh et al. (2016) conclude that
injections of upper tropospheric air appeared to be the dominant influence over the winter
events, however this was not always the case. Otherwise, Loh et al. (2016) conclude the
possibility of a Cl driven CH4 sink, and the possibility of long-range transport over the
Southern Ocean as radon was below 100 mBq m-3, but not significantly lower, which
indicates either minimal terrestrial influence or long-range transport.
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10. RADONIC STORM EVENT REFINEMENTS
10.1. Refined Radonic Storm Events
The refined analysis aims to achieve the most realistic estimate of concentrations entering the
Southern Ocean. The relaxed thresholds (see section 5.6), were successful for identifying the
seasonal changes in the data. However, the calculated values in the relaxed analysis will be
lower than reality, as there were many low concentration radon events with similarly low
ΔCO2 and ΔCH4, which will drag the mean concentration and flux estimations lower. The
most representative mean values of gases entering the Southern Ocean, will therefore be
found in the high concentration radon storms. This was achieved through further refining the
thresholds, to remove all low radon events from the analysis. From the refined thresholds
presented in section 5.6, 124 high concentration radonic storm events were observed. The
type of events present in the radonic storms are summarised in Table 10, where all low
concentration storms (< 300 mBq m-3) have clearly been removed. Maximum radon
concentrations were found in January, however, there are not enough data points to report a
reasonable mean, and it is clear this mean is skewed. Therefore, the maximum was reported
in May at 809.53 ± 487.16 mBq m-3, and minimum values were in December (value not
reported due to a lack of data points) (in the permissive analysis radon: 243.59 mBq m-3
average December-February to 537.23 mBq m-3 average May-July). As aforementioned in
section 6.1, the issue with this method is that there are not enough data points for a
substantial analysis. This can lead to issues present in Figure 47, where January had an
unusually large radon concentration as a consequence of only one event in a single January
over 6 years, meaning the data has been significantly skewed. A similar effect was reported
by Polian et al. (1986) where a lack of summer peaks lead to larger mean values, as there
were little to no low concentration events to lower the mean (Polian et al., 1986). Seasonality
is expectedly similar to that seen with the relaxed thresholds, with the exception of much
higher/lower extremes. Despite the lack of data skewing some months, these concentrations,
with the exception of summer months (with only 6 events recorded over December-January,
over the whole dataset see Figure 46b), give a relatively accurate description of the mean
deviations and fluxes of radon, CO2 and CH4 entering the atmosphere over the Southern
Ocean in comparison to the relaxed thresholds. Figure 46a illustrates the length of events,
which are lower than those seen in section 6. Generally, higher radon concentrations in
radonic storms are associated with longer events, however, this appears not to be the case. It
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is typically the case that longer storm lengths are associated with slower overall transport and
higher overall radon concentrations, as air masses remain over land longer and accumulate
more radon. In this study, as the transit distance was significant, it appears that these events
were a culmination of varying synoptic conditions. It appears that air parcels spent a long
time over a terrestrial surface, followed by rapid transport conditions. Larger concentrations
may be expected where transport conditions are rapid after spending a long time over land, as
radon has less time to decay. It can be expected that the refined results are much larger than
the relaxed, as Biraud et al. (2000) report refined fluxes for CO2 and CH4 that were in excess
of double the original results (Biraud et al., 2000).
Table 10. The number of events for the different types of events reaching Macquarie Island
from Australia and New Zealand from the analysis with refined thresholds.
5

Low Radon
High Radon6
ΔCO2 Enriched7
ΔCO2 Depleted8
ΔCH4 Enriched
ΔCH4 Depleted
Total

a)

Number of Events
0
124
71
25
50
3
124

b)

Figure 46. a) Length of refined radonic storm events grouped by month. b) Number of refined
radonic storm events averaged by month.

For the purpose of this table low radon is considered as every event with a mean ≤ 300 mBq m-3.
For the purpose of this table low radon is considered as every event with a mean > 300 mBq m -3.
7
ΔCO2 and ΔCH4, enrichment events are considered as positive deviations from baseline concentrations.
8
ΔCO2 and ΔCH4, depletion events are considered as negative deviations from baseline concentrations.
5
6
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a)

b)

Figure 47. a) Concentrations of radon averaged by month in the refined radonic storm event
analysis. b) Associated uncertainty of the concentration data, the dots are the mean of the
concentrations, and the error bars are calculated with stdev.

10.2. Deviations and Flux Estimates of CO2 and CH4 in Refined Radonic Storm
Events
Means of ΔCO2 and ΔCH4 are also more extreme than what is seen with the permissive
thresholds (ΔCO2: 0.46 ± 0.91 ppm in January to -0.41 ± 0.46 ppm in September) (ΔCH4: 7.4
± 5.2 ppb in May to 1.1 ± 2.6 ppb in January). The refined maximum of ΔCO2 was found in
January (not reported due to the lack of events) and the minimum in August at -0.66 ± 0.78
ppm. The ΔCH4 maximum was recorded in May at 9.9 ± 5.7 ppb and the minimum was
recorded in September at 1.9 ± 1.9 ppb. The true CH4 minimum would likely be in the
summer, however, there was a lack of data to include this. The mean ΔCH4 and ΔCO2 for
each month, along with the timeseries of events, have been included in Appendix 12.
The fluxes of ΔCO2 and ΔCH4 are similar to the results of the permissive analysis (ΔCO2: 3.6
x106 ± 2.5 x106 kg CO2 km-2 y-1 in January to -2.5 x106 ± 2.3 x106 kg CO2 km-2 y-1 in
September) (CH4: 9.4 x103 ± 4.5 x103 kg CH4 km-2 y-1 in March to 2.1 x103 ± 5.4 x103 kg
CH4 km-2 y-1 in December) as the ratio for the calculation will not have changed
significantly. The seasonal cycle of refined ΔCO2 flux from the south east of Australia as
observed at Macquarie Island was characterised by a maximum in January (value not
reported due to lack of events) and a minimum in September at -2.2 x106 ± 1.8 x106 kg CO2
km-2 y-1. By comparison, the seasonal cycle of ΔCH4 flux was characterised by a May
maximum 7.7 x103 ± 4.2 x103 kg CH4 km-2 y-1 and a September minimum at 2.1 x103 ± 2.1
x103 kg CH4 km-2 y-1. December only had one event and this was an anomaly of large ΔCH4
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depletion (this has been removed during the monthly mean calculation, so consequently is 0
in Appendix 12). The seasonality presents similar results as shown in the analysis with the
permissive thresholds, however, it is clear the constraints were too restrictive in the refined
analysis, especially over the summer months. The seasonality for ΔCO2 and ΔCO2 flux can be
viewed in Figure 48 and Figure 49. The seasonality of ΔCH4 and ΔCH4 flux can be viewed in
Figure 50 and Figure 51.
a)

b)

Figure 48. a) Monthly distribution of ΔCO2 in the refined radonic storm analysis. The lines
do not run through January or February, as there was only one event in February, and it
does not contain CO2 data (likely linked to the 2016 period where no data was present) and
the lines do not run over a point without data. b) Associated uncertainty of ΔCO2; the dots
are the mean of ΔCO2, and error bars are calculated with stdev.

a)

b)

Figure 49. a) Flux estimates of ΔCO2 from the Australian continent averaged by month in the
refined radonic storm event analysis. Similar to Figure 48 the line does not go through
January or February. b) Associated uncertainty of the ΔCO2 flux data; the dots are the mean
of the fluxes, and the error bars are calculated with stdev.
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a)

b)

Figure 50. a) Monthly distribution of ΔCH4 in the refined radonic storm event analysis. b)
Associated uncertainty of ΔCH4 data, the dots are the mean of ΔCH4, and the error bars are
calculated with stdev.
a)

b)

Figure 51. a) Flux estimates of ΔCH4 from the Australian continent averaged by month in the
refined radonic storm event analysis. b) Associated uncertainty of the flux data, the dots are
the mean of the fluxes, and the error bars are calculated with stdev.
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11. RECOMMENDATIONS
Recommendations for future work are largely based on additional analyses that were planned
for this study, however, due to time constraints were not performed. The baseline analysis in
this study, although performing well for radon and CO2, was not as accurate as it could be, as
the CH4 residuals retained some seasonality. Instead, fitting a curve through CH4 may prove
more reliable. The radon baseline could also benefit from removing data with trajectories that
were sourced from Australia, New Zealand or Antarctica. Further work with back-trajectories
may also prove useful in classifying long-distance transport from South Africa, as results in
this study were largely speculative given that the accuracy of trajectories decreases with
significant increases in time/distance. Along with the Macquarie Island dataset, the ANSTO
team has also collected data from Cape Grim (Tasmania), the RV Investigator (Southern
Ocean voyages) and King Sejong Island (on the Antarctic Peninsula), and NIWA has
collected data from Arrival Heights (Antarctica) and Baring Head (New Zealand). Only Cape
Grim was utilised for result verification in this study, as there was insufficient time to analyse
other datasets. Utilising data from other Southern Ocean sites would give strength to this
study and aid in constraining ΔCH4 depletion events.
ΔCH4 depletion in the Southern Ocean will require much further study to constrain. The
proposed Cl mechanism is currently debated throughout the literature. Further hypotheses for
ΔCH4 depletion are largely speculative. ΔCO2 proved very difficult to constrain in this study
due to the wide variety of sinks and sources in terrestrial and oceanic environments. There are
literature values reported for the uptake/emission of CO2 to/from the Southern Ocean and
Australia, so it is possible that the Macquarie Island CO2 data could be very well constrained
in the future. Dilution between Australia and Macquarie Island could be quantified in future
work given known radon concentrations at Macquarie Island and Cape Grim, the decay of
radon, the transit time and an ideal trajectory between the two sites. Isotopic data for both
CO2 and CH4 at Macquarie Island would greatly aid in constraining the sources of enrichment
and depletion events, as well as whether the events were natural or anthropogenic in origin.
Similarly, measurements of molecular Cl would provide constraints on the possibility of an
active Cl sink for CH4. Other pollutants could be modelled utilising the methods provided in
this study. Pollutants such as nitrogen oxides, carbon monoxide and particulates are clear
contenders as they are important pollutants both globally and in the Southern Ocean.
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12. CONCLUSIONS
Results from the main analysis with permissive thresholds, containing 318 events, indicated
the average concentration of radon was characterised by a December-February minimum and
a May-July maximum (242.59-537.23 mBq m-3). The maximum ΔCO2 was in January at 0.46
± 0.91 ppm and the minimum was recorded in September at -0.41 ± 0.46 ppm. ΔCO2 fluxes
reached a maximum in January at 3.6 x106 ± 2.5 x106 kg CO2 km-2 y-1 and a minimum in
September at -2.5 x106 ± 2.3 x106 kg CO2 km-2 y-1. ΔCH4 peaked in May at 7.4 ± 5.2 ppb and
was recorded lowest in January at 1.1 ± 2.6 ppb (with the anomalies removed). The
maximum ΔCH4 flux was recorded in March at 9.4 x103 ± 4.5 x103 kg CH4 km-2 y-1, and the
minimum in January at 2.1 x103 ± 5.4 x103 kg CH4 km-2 y-1. It is highly likely that the flux
estimates for ΔCO2 are unreliable, as there was a significant amount of depletion, as well as
mixing to consider for air masses during transit from Australia to Macquarie Island. ΔCH4
fluxes appear more reasonable and agree with literature values reported for Australia.
With events refined by additional parameters, radon concentrations significantly increased,
with events reduced to 124. Radon peaked in May at 809.53 ± 611.3 mBq m-3, and the
minimum was not recorded due to a lack of data. The ΔCO2 maximum was not recorded due
to a lack of data and the minimum was recorded in August at -0.66 ± 0.78 ppm. The
maximum fluxes of ΔCO2 were not recorded and the minimum was recorded in September at
-2.2 x106 ± 1.8 x106 kg CO2 km-2 y-1. ΔCH4 was recorded highest in May at 9.9 ± 5.7 ppb,
and lowest in September at 1.9 ± 1.9 ppb. Fluxes of ΔCH4 were at the highest and lowest in
May at 7.7 x103 ± 4.2 x103 kg CH4 km-2 y-1 and September at 2.1 x103 ± 2.1 x103 kg CH4 km2

y-1, respectively. Although the refined results for the winter period are likely accurate, the

summer period is highly inaccurate and there is a large amount of uncertainty. This was due
to the constraints being too restrictive, where only 6 events were found over December,
January and February combined. Because of this, the permissive analysis is a more reliable
estimate for yearly variations of concentrations and fluxes.
Results indicate that almost all radonic storm events originated from the north-north-west of
Macquarie Island, clearly indicative of transport from Australia. Back-trajectory and density
plots indicate that the fetch region extends near Sydney during the winter, and was as low as
north of Tasmania in the summer, explaining the seasonality of the observed results. Major
pollution events were associated with air masses passing through Sydney or Melbourne, and
ΔCO2 depletion occurred when air spent a significant amount of time over highly vegetated
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areas. ΔCO2 were greatly increased over the summer due to ecosystem respiration dominating
photosynthetic uptake. ΔCH4 were always greater when air parcels spent a significant amount
of time over the south eastern corner as ruminant animals greatly contributed to CH4
emissions from Australia. ΔCH4 depletion events were associated with an oceanic source,
with their most likely cause associated with air parcels mixing with low CH4 concentration
air masses either off the coast of the Great Australian Bight or in the upper troposphere,
and/or depletion through Cl oxidation during times of increased significant wave height and
solar irradiance. Almost no locally sourced events were recorded at Macquarie Island;
however, it is noticeable that some CH4 concentrations were significantly high from the
south.
The results of this study provide valuable insight towards two of the most prominent and
concerning greenhouse gases, CO2 and CH4, in a region that is not frequently studied. In this
report, the seasonal terrestrial influence from Australia and New Zealand has been quantified
through the use of radon as a proxy. The relationship between synoptic and hemispheric
processes towards ΔCO2 and ΔCH4 enrichment and depletion within these terrestrially
influenced air parcels has been investigated and reasonably well constrained. The results of
this study, and consequent future work, will aid in the mitigation efforts towards greenhouse
gases and other pollutants, in order to monitor and protect one of Earth’s most pristine and
important natural environments.
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14. APPENDICES
Appendix 1. Packages used in python and what they were used for in the analyses performed
in this study.
Package
Pandas

Numpy

Matplotlib

Seaborn

Cartopy

Windrose

Function
Broad package in python
which contains functions
that allow both simple and
complex data cleaning and
manipulation.
Provides a 2D table (data
frame).
Perform mathematical
operation on arrays.
Provides multi-dimensional
arrays.
A plotting library for
python.

Use
Used in virtually every
aspect of python code for
this project e.g., grouping
or inserting data into a
data frame, performing
simple calculations
within a data frame,
merging and joining
datasets. Used to
calculate Pearson’s R for
correlation analysis.
Used for the construction
of all plots in this report
except back-trajectory
and density backtrajectory plots.
Data visualisation,
statistical graphing.

A wrapper on top of
matplotlib. Used for
drawing statistical graphics
Designed for geospatial data Used for the construction
processing to produce maps. of all back-trajectory and
density-trajectory plots.
Built into matplotlib. Also
Visualise both wind
known as a polar rose plot,
speed and direction.
used to visualise the
distribution of
meteorological data.

Reference
(McKinney and
Pandas
Development
Team, 2021)

(The NumPy
Community, 2021)

(Hunter et al.,
2021)

(Hunter et al.,
2021)
(Elson et al., 2021)

(Roubeyrie, 2021)
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Appendix 2. Relevant Python Code.
i)

Analysis that defines the baseline for radon, CO2 and CH4. This returns monthly
values which are then resampled to hourly data before a 3 rd order polynomial
interpolation is run (resample and interpolation code not included). After
interpolation the baseline is subtracted from the original dataset leaving the
residuals for further analysis.

df_global = df
def analysis_function(df):
df = df.copy()
if type(df) == pd.Series:
print(f'Series found {df.head(1)}')
results = {'rn5pc': np.NaN,
'rn15pc': np.NaN,
'co2_baseline': np.NaN,
'ch4_baseline': np.NaN,
'rn5to15mean': np.NaN}
return pd.Series(results)
rn5pc = df.radon.quantile(0.05)
rn15pc = df.radon.quantile(0.15)
df_5to15 = df[(df.radon >= rn5pc) & (df.radon <= rn15pc)]
results = {'rn5pc': rn5pc,
'rn15pc': rn15pc,
'co2_baseline': df_5to15.co2.median(),
'ch4_baseline': df_5to15.ch4.mean(),
'rn5to15mean': df_5to15.radon.mean(),
'df_5to15':df_5to15}
return pd.Series(results)
df_monthly_summary = gbm.apply(analysis_function)

ii)

The code which defines events:

radon_threshold = df.radon_residual.quantile(0.9)
def group_by_events(df, radon_threshold, radon_column_name='radon'):
dfnbl = df.copy()
dfnbl.loc[dfnbl[radon_column_name]<radon_threshold, :] = np.NaN
dfnbl['event_index'] = dfnbl[radon_column_name].isnull().cumsum()
gbevent = dfnbl.groupby('event_index')
return gbevent
gbevent = group_by_events(df, radon_threshold=radon_threshold,
radon_column_name='radon_residual')
evlength = gbevent.apply(len)
def keep_event(event):
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length_ok = len(event) > 3
if not length_ok:
return False
current_month = event.index.month[0]
threshold = df.radon_residual[df.index.month == current_month].quantile(0.9)
max_ok = event.radon_residual.max() > threshold
return max_ok
events=[]
for k, itm in gbevent:
if keep_event(itm):
itm['event_id'] = k
itm['event_id_str'] = str(k)
events.append(itm)

iii)

Code for Back-Trajectories:

def plot_traj_spaghetti(df, times_to_plot=None, ax=None):
if times_to_plot is not None:
times_to_plot = set(times_to_plot)

if ax is None:
fig, ax = plt.subplots(subplot_kw={'projection':ccrs.Mercator()}x)
ax.coastlines()
ax.set_extent([100, 180, -60, -20])
for k, dfss in df.groupby('t0'):
if times_to_plot is None or k in times_to_plot:
ax.plot(dfss.lon, dfss.lat, transform=ccrs.Geodetic(), alpha=0.5)
return ax.figure, ax
def plot_traj_altitude(df, times_to_plot=None, ax=None):
if times_to_plot is not None:
times_to_plot = set(times_to_plot)
if ax is None:
fig, ax = plt.subplots()
for k, dfss in df.groupby('t0'):
if times_to_plot is None or k in times_to_plot:
ax.plot(dfss.traj_hour, dfss.alt, alpha=0.5)
return ax.figure, ax
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iv)

Code for calculating density trajectories:

def plot_density(df, times_to_plot=None, ax=None):
if times_to_plot is not None:
times_to_plot = set(times_to_plot)
if ax is None:
fig, ax = plt.subplots(subplot_kw={'projection':ccrs.Mercator()})
ax.coastlines()
ax.set_extent([100, 180, -60, -20])
if times_to_plot is not None:
idx = [itm in times_to_plot for itm in df.t0]
df = df[idx]
H, xedges, yedges = np.histogram2d(df.lon.values, df.lat.values,
bins=[np.arange(-180, 180+0.001, 1),
np.arange(-90, 90+0.001, 1)])
H[H==0] = np.NaN
msh = ax.pcolormesh(xedges, yedges, H.T, transform=ccrs.PlateCarree(),
cmap= mpl.cm.plasma_r, norm=mpl.colors.LogNorm())
msh.set_rasterized(True)
fig.colorbar(msh, ax=ax)

return ax.figure, ax
def plot_density(df, times_to_plot=None, ax=None):
if times_to_plot is not None:
times_to_plot = set(times_to_plot)
if ax is None:
fig, ax = plt.subplots(subplot_kw={'projection':ccrs.Mercator()})
ax.coastlines()
ax.set_extent([10, 180, -70, -20], crs=ccrs.PlateCarree())
if times_to_plot is not None:
df = df.query('t0 in @times_to_plot')
dx = 0.5
dy = 0.5
H, xedges, yedges = np.histogram2d(df.lon.values, df.lat.values,
bins=[np.arange(-180, 180+0.001, dx),
np.arange(-90, 90+0.001, dy)])
H[H==0] = np.NaN
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latitude_deg = (yedges[:-1] + yedges[1:] ) /2
km_per_degree = 111.
cell_area = dx*km_per_degree * dy*km_per_degree * np.cos(np.deg2rad(latitude_deg))
H = H/cell_area
msh = ax.pcolormesh(xedges, yedges, H.T, transform=ccrs.PlateCarree(),
cmap= mpl.cm.plasma_r, norm=mpl.colors.LogNorm())
msh.set_rasterized(True)
fig.set_size_inches([20, 7.5])
fig.colorbar(msh, ax=ax)
return ax.figure, ax
Appendix 3. Cb and C for the change in concentration of a gas, for estimating the flux of gases
from the Australian continent. The value of flux is dependant on the amount of material an air
parcel gains as it passes through Australia, and is obtained by the difference between the
initial and the final concentration. That is why a baseline initial concentration is needed,
demonstrated by Cb, which follows a trajectory, indicated by the solid line, common for some
air parcels that reach Macquarie Island, C. If the flux is 0, it is more likely that an air parcel
has followed the dotted line or cases similar, where it does not pass-through Australia, so
there is no flux to measure. This is gas type dependant, as CO2 has many interactions with the
ocean. Given some trajectories, it may be possible to estimate a CO 2 flux from the ocean,
however, this will be combated by depletion of CO2. CH4, on the other hand, is ideal for this
type of estimate, as it has virtually no interaction with the ocean, so the concentrations
leaving the Australian continent will be similar to the concentration reaching Macquarie
Island, meaning that fluxes can be accurately estimated.
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Appendix 4. The original baseline using the median for CH4 and the newer baseline used for
this study, which uses the mean.
The CH4 baseline against the CH4 data, note the jump in December. This error is carried
through the analysis.

The jump in the first plot carries through the analysis and appears as a dip in the residuals.

CH4 is represented in blue and the orange indicates the CH4 values associated with radon
between the 5th and 15th percentiles, and are what is used for the calculation of the median.
The green dot is the median, note that it is sitting higher than expected, and that most orange
dots are presented in the first half of the month. The median is calculated higher than the
actual baseline as it is calculated from a value higher in the month due to an absence of points
in the later days of the month.
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Radon values between the 5th to the 15th percentile. Note that in the first plot, the summer of
2017/2018 is uncharacteristically high and in the second plot, how the range fails to follow
the increased high of radon concentrations.
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The new baseline, which has been used in this study. Note that the green dot indicating the
mean is situated lower in the data.

The new baseline (in blue) based on the mean that is produced is much more accurate. Note
in December that there is no jump in the baseline.
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The CH4 residual when the mean is utilised for baseline construction.
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Appendix 5. Visualisation of where 90th and 95th percentiles are in the radon data. This is
used as a threshold of what quantifies an event in the main and refined analyses, where every
peak above the blue (in the main analysis) and red (in the refined) is classified as an event.

Appendix 6. Tables of monthly average concentrations, fluxes and events frequency and
length, of permissive analysis events.

January
February
March
April
May
June
July
August
September
October
November
December
Mean

Radon
Mean
261.99
227.81
358.56
480.19
550.92
498.07
562.69
383.84
312.05
388.71
374.59
237.97
430.22

Radon
Stdev
212.07
131.40
330.65
556.02
462.15
400.31
395.47
342.77
177.41
288.41
300.50
98.82
379.05

ΔCO2
Mean
0.4619
0.0636
0.3649
0.1073
0.2324
-0.0289
-0.2518
-0.3851
-0.4129
0.1614
0.3642
0.1519
-0.0112

ΔCO2
Stdev
0.9057
0.7013
0.6765
0.5991
0.4913
0.4665
0.5148
0.5628
0.4645
0.7820
0.5562
0.4190
0.6324

ΔCH4
Mean
1.0966
1.8129
4.6258
4.5105
7.4550
5.2822
3.9634
2.4995
1.2143
3.0029
1.4045
1.4316
3.1213

ΔCH4
Stdev
2.6355
3.4090
3.2358
4.2109
5.1803
3.3170
2.6810
1.9417
1.5565
4.1424
1.8790
1.2240
2.6575
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January
February
March
April
May
June
July
August

ΔCO2 Flux
Mean
3580201.59
569882.21
891448.41
712775.91
450771.32
-100817.55
-132072.14
-1789859.36

ΔCO2 Flux
Stdev
2481532.39
5006438.15
3023943.68
1709895.94
1320124.94
1904248.43
1178014.83
2523393.18

ΔCH4 Flux
Mean
2119.54
4439.01
9385.42
7023.45
9356.49
7605.14
5139.68
5435.75

ΔCH4 Flux
Stdev
5412.26
8772.14
4487.18
4223.21
4760.80
3821.03
3393.76
5792.42

September

-2510921.10

2333820.24

3020.77

3312.75

October

-1026534.57

2009867.16

2796.16

2889.19

November
December
Mean

536816.55
1513796.82
-58840.08

2417944.38
3425746.02
2800928.22

2526.73
3159.95
5809.13

7109.03
3368.26
5277.63

Month

Number of Events

Mean Event Length
(hours)

January
February
March
April
May
June
July
August
September
October
November
December

14
16
21
31
29
37
34
40
38
22
18
18

8.00
9.56
11.67
12.52
14.83
17.86
18.21
15.05
12.76
13.59
14.89
7.56
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Appendix 7. Density plots of radon back-trajectories for all months.
January

March

May

July

February

April

June

August
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September

October

November

December

Appendix 8. CO2 correlations split into enrichment and depletion.
a) Where the blue line is the CO2 enriched events and the orange line is the CO2 depleted
events.
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b) Plot of correlated events enriched in CO2

c) Plot of correlated events depleted in CO2
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Appendix 9. The density plots for the regions of CO2 a) enrichment and b) depletion events.
a)

b)
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Appendix 10. Anomolous period of CH4 depletion. From the examples provided, it appears
that these events may be occuring through a combination of long-distance travel mixing with
fleeting terrestially influecned air parcels. The inclusion of the frontal system to the north of
Macquarie Island has likely also influecned the CH4 to be exceedingly lower than baseline
values. Evidently strong CH4 depletion events have an inherent complexity that would
require extensive research beyond this study.

a)
i)

ii)

iii)
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b)
i)

ii)

iii)
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Appendix 11. Wave height conditions in the Souhtern Ocean, leading to the largest CH4
depletion event recorded at Macquarie Island over the dataset. Data obtained from: (Hersbach
et al., 2018).
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Appendix 12. Results of the refined analysis.
a) Timeseries of refined events

b) Tables of monthly average concentrations, fluxes and events frequency and length, of the
refined analysis events.

January
February
March
April
May
June
July
August
September
October
November
December
Mean

Radon
Mean
864.27
471.08
668.41
803.28
809.53
733.62
752.94
642.46
485.37
588.83
653.99
374.52
695.73

Radon
Stdev
411.86
216.86
421.16
693.96
487.16
429.79
397.18
421.02
171.46
310.95
324.86
77.94
439.73

ΔCO2
Mean
1.3436
NaN
0.8098
0.2192
0.3462
-0.0357
-0.4333
-0.6562
-0.5412
0.4804
0.7041
0.0741
0.0005

ΔCO2
Stdev
1.0726
NaN
0.8372
0.8262
0.5820
0.5492
0.5639
0.7765
0.5605
1.0104
0.5912
0.2812
0.8161

ΔCH4
Mean
NaN
NaN
6.3001
7.5450
9.8916
6.9010
5.0184
3.1020
1.9235
5.7832
3.9215
0.0
5.2918

ΔCH4
Stdev
NaN
NaN
4.0140
5.0081
5.6890
3.3514
2.3056
1.7540
1.9135
3.9776
2.6093
0.0
3.2298
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January
February
March
April
May
June
July
August

ΔCO2 Flux
Mean
2593562.86
NaN
2035383.36
727880.96
609016.34
-118247.79
-677948.05
-1700793.92

ΔCO2 Flux
Stdev
NaN
NaN
2092677.32
1643992.24
860751.11
1500503.57
842498.46
1928422.84

ΔCH4 Flux
Mean
NaN
NaN
7006.22
6738.64
7657.96
5813.58
3711.70
3565.83

ΔCH4 Flux
Stdev
NaN
NaN
3300.08
4451.27
4220.44
1891.07
1784.79
1587.74

September
October
November
December
Mean

-2246164.89
-149631.12
1382084.46
212267.73
-136561.26

1777619.28
2175906.02
1763279.24
1060769.49
1904220.49

2132.67
5021.29
2969.56
0.0
5218.76

2108.57
1678.16
1681.74
0.0
3220.58

Month

Number of Events

January
February
March
April
May
June
July
August
September
October
November
December

1
1
7
15
16
19
19
16
14
7
5
4

Mean Event Length
(hours)
8.00
7.00
11.00
12.20
14.56
17.68
19.31
15.44
12.07
19.14
19.60
7.5

